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Wind tunnel experiments performed in different wind tunnels and thus different
boundary layers allowed to study the effect of certain atmospheric boundary layer
properties on wind forces and pressures. A simple design tool, generalizable to any
atmospheric boundary layer flow is then derived by using the results in WiSt and
CRIACIV (section 7.1). This model can be applied to calculate the quasi-static
response of the tower to the stochastic wind loading process in any design conditions.
Basic assumptions are linear structural analysis and quasi-static behaviour.

In sections 7.2 and 7.3 the beam and shell responses are analyzed. The effect of the

asymmetric load due to the rings along the height is also quantified.

7.1 Modelling of wind load

The time-averaged mean load and the load covariances (i.e. rms values and correlation
coefficients) are the input data to evaluate the quasi-static structural response to the
stochastic wind loading process. The breaking-up of the covariances in the frequency
domain is not necessary because the mechanical admittance is constant. More
sophisticated methods to evaluate the structural response are the spectral method in the
frequency domain, which is applicable to linear structures, and the time history method
applicable to both linear and non-linear structures.

This section addresses the modelling of the stochastic quasi-static design wind load,
with respect to the turbulent properties of the flow, by combining results of both WiSt
and CRIACIV wind tunnels. The model refers to the basic configuration (without
rings) and has a general application for cylindrical towers of any aspect ratio®. It also

represents the reference case to evaluate the effect of the rings.

7.1.1 Influence of boundary layer flows on force coefficients

The comparison of experimental data recorded in different wind tunnels — and thus
different atmospheric boundary layers — cannot be addressed without considering the
properties of the flow in which such data are measured. This approach is pursued in

this section with regard to the force coefficients.

6 For low-aspect ratio circular cylinders, i.e. for H/D less than a critical value (which ranges
from 1 to 6, depending on the boundary layer thickness) a different flow structure develops in
the wake (see section 3.5). The proposed wind load model is thus appropriate for sufficiently
slender circular cylinders, e.g. H/D > 6.
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The local mean value of the drag coefficient that results from the experiments ( 1S

calculated by definition as:

CEXP(,) E ;fXP(Z)

_ (7.1)
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where q,,(z) is the local velocity pressure, i.e. at the level of the pressure measurement.
Similarly, the coefficient can be defined with respect to the velocity pressure at the top

of the tower:
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The comparison between results at WiSt and CRIACIV (Figure 7.1a) shows that the
local mean force coefficients — calculated according to equation (7.1) — depend on the
type of boundary layer. In fact, a certain boundary layer — characterized by its velocity
and pressure gradients — may enhance certain flow movements. The time-averaged
wake structure may also change, as addressed in section 6.3. While the tip effect is not
so sensitive to the characteristics of the boundary layer, lateral and especially wake
suction at middle height at CRIACIV are lower than at WiSt. This issue was
commented with regard to Figure 6.17, which explains the differences between the two
drag curves in Figure 7.1a.

The use of q,(H) instead of q,(z) allows to remove the differences due to the
boundary layer and the results in the two wind tunnels are in wonderful agreement
(Figure 7.1b). However, by using q,,(H), an even more constraining dependency is
gained: the one on the aspect ratio. The coefficients in Figure 7.1b are thus only valid
for the aspect ratio of the experiments, that is H/D = 6.7.

The rms values of the forces (equation(7.3)) are necessarily different in the two wind

tunnels (Figure 7.2), because the turbulence in the flow (o,) 1s different (Figure 7.3).
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Figure 7.1 Mean drag coefficients Cp,,: comparison between WiSt and CRIACIV data (EXP)
a) Cp,m by using local velocity pressure q,,(z); b) Cp,n by using velocity pressure on top

gm(H)
Cp o FXP o, in the flow
1000 1000
. ]
900 tw:& 900 - i
800 ‘f riaciv 800 ™ "y
700 700
(L " .
-E-GOO —600 =
€ 500 R € 500 - \
N N 400
400 b e = ’
300 300
200 | ** 200 | @ Wist u ‘}1‘
]
100 100 —wrCriaciv
o 1 ; X
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 0.0 1.0 2.0 3.0 4.0
Coo o, [m/s]

Figure 7.2 Rms drag coefficients Cp,:
comparison between WiSt and CRIACIV

Figure 7.3 Rms values of along wind velocity

(o,) at WiSt and CRIACIV

experimental data ( EXP )

It is then apparent that, in order to compare results obtained in different boundary layer
flows and codify the force coefficients, a more general approach should be used,
which includes the mean velocity pressure and the turbulence intensity.

The code approach is based on the peak force coefficient (Cp peqx), that is the ratio of
peak (drag) force and peak velocity pressure (equation (7.4)). The latter is multiplied
by D as usual, in order to obtain the dimension of force per unit length. In this way, the

results in different boundary layer flows are more comparable even by using the local
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velocity pressure and not the velocity pressure on top (Figure 7.4). The peak force

coefficients are generalizable for load modelling.

g EXP +kFFEXP

F
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The peak factors in equation (7.4) are assumed equal to 3.5 for both forces and

velocities (kg and k,, respectively). The apex (°XP

) means resulting from experiments.
It should be mentioned, however, that the code definition of the peak force includes
the dynamic factor and the size factor. Relying on the experimental data, Cgy, = 1
because the model is rigid, Cs is assumed equal to 1, too, although it should take into
account the decrease in correlation around the circumference. It could be partially

responsible for the differences in the two curves in Figure 7.4.
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Figure 7.4 Peak drag coefficient Cp pear related to qpea(z)

By assuming a quasi-stationary approach (the aerodynamic coefficient is invariant
with respect to time) and linearized model (Iu2<<1), the intensity of force is twice the
turbulence intensity and the peak force can be split up into its mean and fluctuating

components as follows:
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F =cC D
m D, peak qm

F =C 21 D
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(7.5)

(7.6)

Therefore, the mean and the rms values of the force coefficients to be used in the

proposed beam-load model (*™) are:
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The behaviour of the peak drag coefficient along the height resembles the profile of

the Cp 1, which increases both at tower top (tip effect) and at the bottom, as previously

commented in sections 3.5 and 4.4.

The main results are reported in the following tables.

Table 7.1 Boundary layer flow at WiSt

Z [mm] z/H U [m/s] Cu qm(z2)/qm(H) I,

990 0.99 25.16 1.9431 1.00 0.0772

950 0.95 24.98 1.9826 0.98 0.0794

910 0.91 24.79 1.9972 0.97 0.0806

890 0.89 24.70 2.0041 0.96 0.0811

850 0.85 24.30 2.0003 0.95 0.0823

750 0.75 23.78 2.0536 0.91 0.0863

WiSt: 650 0.65 23.32 2.1580 0.86 0.0925
Boundary 550 0.55 22.66 2.3833 0.81 0.1052
layer 520 0.52 22.43 2.4656 0.80 0.1099
480 0.48 22.16 2.5621 0.78 0.1156

450 0.45 2191 2.6181 0.76 0.1195

350 0.35 21.01 2.8842 0.70 0.1373

250 0.25 20.05 3.0614 0.64 0.1527

150 0.15 18.77 2.9381 0.56 0.1566

50 0.05 16.28 2.5565 0.42 0.1571
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Table 7.2 Drag coefficients at WiSt

Ip=
EXP EXP.H EXP EXP
Z/H CD m CD m CD ] CD,O‘ / IF/Iu CD,peak

b b 9
EXP
CD m

s

0.99 0.7246 0.7221 0.1198 0.1654 2.1407 0.7425

0.95 0.7992 0.7853 0.1112 0.1391 1.7528 0.7640

0.91 0.7693 0.7447 0.1148 0.1492 1.8519 0.7487

0.89 0.7158 0.6877 0.1134 0.1584 1.9523 0.7096

0.85 0.6061 0.5732 0.1001 0.1652 2.0073 0.6069

0.75 0.5007 0.4535 0.0801 0.1601 1.8539 0.4869

WiSt: 0.65 0.4858 0.4189 0.0781 0.1607 1.7366 0.4606
Drag 0.55 0.4859 0.3956 0.0838 0.1725 1.6401 0.4488
Coeff. 0.52 0.4924 0.3933 0.0888 0.1804 1.6411 0.4540

0.48 0.5039 0.3915 0.0922 0.1830 1.5825 0.4568

0.45 0.5083 0.3863 0.0937 0.1844 1.5430 0.4554

0.35 0.5540 0.3862 0.1161 0.2095 1.5262 0.4897

0.25 0.6044 0.3854 0.1386 0.2293 1.5015 0.5266

0.15 0.6980 0.3899 0.1626 0.2330 1.4879 0.6046

0.05 0.8160 0.3429 0.2055 0.2519 1.6034 0.7313

Table 7.3 Boundary layer flow at CRIACIV

z [mm] z/H U [m/s] Gu Am(z)/qm(H) I
950 0.95 28.36 0.8022 1.00 0.0283
850 0.85 28.40 0.8033 1.00 0.0283
750 0.75 28.26 0.8731 0.99 0.0309
650 0.65 2791 1.0020 0.97 0.0359
CRIACIV:
550 0.55 27.47 1.2085 0.94 0.0440
Boundary
1 450 0.45 26.79 1.4070 0.89 0.0525
ayer
y 350 0.35 25.58 1.7340 0.81 0.0678
250 0.25 23.65 1.9534 0.70 0.0826
150 0.15 21.03 2.2015 0.55 0.1047
50 0.05 17.44 2.2339 0.38 0.1281
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Table 7.4 Drag coefficients at CRIACIV

Ir=
EXP EXP.H EXP EXP
Z/H CD m CD m CD G CD,s / IF/Iu CD,peak

b b b
EXP
CD,m

0.95 0.8099 0.8099 0.0539 0.0666 2.3547 0.8337

0.85 0.6096 0.6113 0.0650 0.1066 3.7681 0.6986

0.75 0.4717 0.4682 0.0380 0.0806 2.6070 0.4972

0.65 0.4193 0.4062 0.0375 0.0894 2.4899 0.4400

CRIACIV:
055 | 04192 | 03932 | 00341 | 00814 | 1.8498 | 04118
(Ij):;'i 045 | 04164 | 03717 | 00388 | 00931 | 1.7725 | 04037
035 | 04652 | 03784 | 00552 | 0.1186 | 1.7494 | 0.4465
025 | 05510 | 03831 | 00716 | 0.1299 | 15729 | 05079
0.15 | 06830 | 03755 | 0.1069 | 0.1564 | 14941 | 0.6100
005 | 08213 | 03106 | 0.1852 | 02255 | 1.7602 | 0.7748
7.1.2 Mean pressure coefficient distribution

The circumferential distribution of the mean pressure coefficients C, on the external
surface of the tower is described by the following parameters:

- C; max = maximum pressure coefficient (at stagnation);

= Qmin and C, 1, = angle and pressure coefficient at maximum lateral suction;

- Oy and Cpy, = angle of separation and pressure coefficient in the wake;

Depending on the circumferential angle ¢, three ranges can be identified along the
circumference, as shown in Figure 7.5. The distributions in the three ranges are
described by expressions (7.9)-(7.11), derived by studies on cooling towers and
codified in the VGB guideline (VGB, 2010).

Cp

Cpmas
\ gﬁ,mm 90 h

Cp,m'm

Figure 7.5 Pressure coefficients distribution in the three ranges
(0<O<Pmin; Pumin<@<en; Pp<9<180°)
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Range I: 0°<gp<og

min
oo ) min (7.9)
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£
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) 90
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(7.11)
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This model is adapted to the experimental data of the solar tower along the height
(WiSt results). The parameter g, has been chosen accordingly to the VGB guideline,
while the parameter €, has been calibrated by fitting the measured C, values and
matching the value of the measured drag coefficient. The values are reported in Table
7.5 and plotted in the following graphs. In particular, three spanwise regions can be
identified along the height of the cylinder:

- tipregion (z’ <2D,i.e. z>0.7H, as z’ starts at z = H in downwards direction);

- normal region (z > 0.5H and z’ > 2D);

- low region (z <0.5H).

Table 7.5 Mean pressure coefficients

Co
C C mi h C

z/H P p * Cp,h * gmin | gh | ACp | mode P
max | min | n|[°] [°] meas.

099| 0.7 | -140 | 85 |-0.73 | 130 |2.085|2.395| 0.68 | 0.72 | 0.72

095| 09 |-191| 8 |-0.79 | 125 |2.189|2.395| 1.11 | 0.80 | 0.80

TIP 091 09 |-196| 80 |-0.82| 120 |2.390|2.395| 1.15 | 0.77 | 0.77

REGION [ 0.89| 09 |-195| 80 |[-0.78 | 118 |2.277(2.395| 1.16 | 0.72 | 0.72

085| 1.0 | -191| 75 |-0.69 | 115 |2.332|2.395| 1.23 | 0.61 | 0.61

0.75| 1.0 |-1.85| 75 |-0.58 | 110 |2.395|2.395| 1.27 | 0.50 | 0.50

NORMAL |0.65| 1.0 |-1.77 | 75 |-0.55| 110 |2.248 |2.395| 1.21 | 0.49 | 0.49

REGION |0.55| 1.0 [-1.76 | 75 |-0.54| 110 |2.238(2.395| 1.22 | 0.49 | 0.49

LOow (045 10 |-186| 75 |-0.59 | 110 |2.261|2.395| 1.26 | 0.51 | 0.51

REGION 035 1.0 [-194| 75 |-0.66| 110 |2.359{2.395| 1.28 | 0.55 | 0.55
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025| 1.0 | -206| 75 |-0.75| 115 |2.474|2.395| 1.31 | 0.60 | 0.60
015 1.0 | -228 | 80 |-0.86| 120 |2.256|2.395| 1.42 | 0.70 | 0.70
0.05| 1.1 |-228| 80 |-0.99| 110 |2.052|2.395| 1.29 | 0.80 | 0.80

The following figures (Figure 7.6, Figure 7.7, Figure 7.8) plot the circumferential

distributions of mean pressure coefficients along the height. The three figures refer to

the tip region, the normal region and the low region, respectively. Further variation of

the distribution is also present within each region. Modelling according to equations

(7.9), (7.10), (7.11) and experimental data are in good agreement.
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Figure 7.6 e-f) Mean pressure coefficients C, . proposed model (red) and experimental data
(blue) [x-axis = ¢ (°), y-axis = Cp,,,]. Tip region (2’ < 2D)
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Figure 7.8 a-e) Mean pressure coefficients
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Finally, Figure 7.9 shows an overview of the distributions of the mean pressure

coefficients along the height.
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Figure 7.9 a-c) Mean pressure coefficients: variation along the height
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7.1.3 Rms pressure coefficients: body-induced and turbulence-induced
fluctuations

Pressure fluctuations on the shell surface are both body-induced and turbulence-
induced. They are due to vortex shedding and to the turbulence of the incoming flow,
respectively. In order to model the turbulence-induced fluctuations with regard to the
turbulent properties of the boundary layer, the question arises whether it is possible to
separate the two contributions. Then, the easiest approach would be to relate the
turbulence-induced fluctuations around the circumference to the fluctuation at
stagnation, which in turn depends on [(z), and to measure the body-induced pressure
fluctuations in smooth flow.

The problem cannot be addressed linearly in the rms values, but in the variances.
Furthermore, the question is much more complicated because the turbulence of the
incoming flow may be responsible for enhancing body-induced fluctuations. However,
the simplifying assumption that body-induced pressure fluctuations (pGZ,BI) and
turbulence-induced pressure fluctuations p,”p are statistically independent finds
support in literature (see, for example, the rapid distortion theory by Hunt
(1972/1975/1990), section 3.4) and can be accepted as long as I, is not too high. This
assumption is the basis for the model proposed in the following.

If the covariances between body-induced and turbulence-induced fluctuations are
assumed to be zero (in view of the statistical independence), it follows that the
pressure fluctuation which is measured during an experiment in turbulent flow is just
the sum — in terms of variances — of the two contributions, the turbulence-induced one

(tp and the body-induced one (), as follows:

iy (7.12)

Although it is apparent in the spectra that higher energy content is around the Strouhal
peak, the separation of the two contributions is not immediate, especially in high
turbulent flow. In terms of variances, the comparison of results in the two wind tunnels
(WiSt and CRIACIV) resulted to be helpful. In fact, at CRIACIV the turbulence
intensity is very low at high levels and this allows a first good estimation of the body-
induced contribution at those levels. Then, extrapolation is made at I, = 0, so that the
actual body-induced fluctuations can be estimated all around the circumference. Since
equation (7.12) holds in general, the theory can be further extended at low levels.

The validation of this simplified modelling is through comparison of full-scale results
on cooling towers (Propper, 1977), as explained later on.
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In the following, the level z/H = 0.85 is chosen as representative for explanation. At
that level, I, = 0.028 at CRIACIV and I, = 0.082 at WiSt.

The circumferential distribution of the total variance of the pressure coefficients (Cp,c,z)
is shown in Figure 7.10. The two sides of the cylinder are not perfectly symmetric due
to inhomogeneities of the flow in both wind tunnels. In fact, this is not surprising in
experiments in turbulent boundary layer flows. Anyway, the differences between the
two sides of the cylinder are small and they do not prevent the development of a model
which is, of course, symmetric. Figure 7.10 shows that at stagnation the pressure
fluctuations at CRIACIV are very small, resulting from low I,. At 100° and 260° the
fluctuations are instead high and they must be mostly body-induced. An insight in the
spectra gives a more clear explanation over frequencies. As can be seen in Figure 7.11,
at z/H = 0.85 it is not only the Karman vortex shedding that produces the majority of

body-induced contribution, but there is a strong interaction with the tip-associated
vortices.
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Figure 7.10 Circumferential distribution of the total variance C,,,,,2 (body+turb.-induced)
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Figure 7.11 Power spectral densities of C, at Z/H = 0.85, 260°
CM2 = 0.0805 (WiSt); Cw2 = 0.0400 (CRIACIV)
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In order to separate body-induced and turbulence-induced contributions, the variances
measured at CRIACIV (mostly body-induced) are compared to the variances measured
at WiSt (mainly, but not only, turbulence-induced). A tentative extrapolation at I, = 0
is proposed in Figure 7.12 and Figure 7.13. Since two experimental points are
available at each angle, the extrapolation can only be linear in the plane 6%, I,>. In any
case, a linear extrapolation seems to be rather good for several reasons.

First of all, at 0° and up to 60° the body-induced contribution in smooth flow results to
be zero and this confirms the expectations: at those angles the pressure fluctuations are
mostly induced by the flow fluctuations. Then, moving downstream, the body-induced
percentage increases and at 180° the slope of the line is almost flat (Figure 7.13). It
means that the fluctuations in the wake are almost completely body-induced and they
do not depend significantly on the upwind turbulence. It is also interesting to see that
most of the lines in both figures are approximately parallel. It means that the rate of
turbulence-induced fluctuations is almost the same at each circumferential angle. This
is a further reason to relate the circumferential turbulence-induced distribution to only

one reference angle, e.g. the stagnation angle, that can be related to the flow

properties.
Body- and turbulence-induced contributions (z/H = 0.85, before separation)
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Figure 7.12 Extrapolations of body-induced contributions at angles before separation
based on experiments at WiSt (I, = 0.082 at z/H = 0.85)
and at CRIACIV (I, = 0.028 at zZH = 0.85)
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Body- and turbulence-induced contributions (z/H = 0.85, after separation)
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Figure 7.13 Extrapolations of body-induced contributions at angles after separation
based on experiments at WiSt (I, = 0.082 at zZH = 0.85)
and at CRIACIV (I, = 0.028 at z/H = 0.85)

The body-induced contribution extrapolated at I, = O is then subtracted by the total
variance measured at WiSt tunnel in high turbulent flow. The result represents the
turbulence-induced part, which can be modeled around the circumference through the

factor a(@), defined as follows:

C (9)
o. Tl ((/’) P, O'TI

TI
q’)_—(m) —  alp)= 0" ¢ ) (7.13)

p P
o2.71 o.TI o

p (p)
o2 P

Po,mi(¢) 1s the standard deviation of the turbulence-induced contribution of the wind
pressure; C,,q.1i() is the standard deviation of the corresponding pressure coefficient.
In particular, at z/H = 0.85 it is:

Table 7.6 Body-induced and turbulence-induced pressure fluctuations (zZH = 0.85)

2
@[] | Cpo? (Wist) | Cpo? (CRIACIV)| Cpopi’ f‘;’(IST;) a’(9) a(p)
0 0.0242 0.0021 0.0000 | 00242 | 1.0000 | 1.0000
20 0.0229 0.0023 0.0000 | 0.0229 | 09428 | 0.9710
40 0.0280 0.0033 0.0000 | 00280 | L1529 | 1.0737
60 0.0381 0.0059 0.0016 | 0.0365 | 1.5044 | 12265
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80 0.0397 0.0127 0.0091 0.0306 1.2602 1.1226
100 0.0772 0.0480 0.0441 0.0331 1.3660 1.1688
120 0.0207 0.0137 0.0128 0.0079 0.3271 0.5719
140 0.0231 0.0152 0.0141 0.0090 0.3720 0.6100
160 0.0273 0.0214 0.0206 0.0067 0.2769 0.5262
180 0.0251 0.0167 0.0155 0.0095 0.3929 0.6268
200 0.0290 0.0204 0.0192 0.0098 0.4043 0.6359
220 0.0237 0.0166 0.0156 0.0081 0.3341 0.5780
240 0.0207 0.0138 0.0129 0.0078 0.3226 0.5680
260 0.0806 0.0431 0.0381 0.0425 1.7527 1.3239
280 0.0486 0.0108 0.0058 0.0428 1.7673 1.3294
300 0.0369 0.0047 0.0004 0.0365 1.5056 1.2270
320 0.0225 0.0027 0.0001 0.0224 0.9254 0.9620
340 0.0212 0.0021 0.0000 0.0212 0.8755 0.9357
360 0.0242 0.0021 0.0000 0.0242 1.0000 1.0000

The same principle is attempted at other levels and the coefficient a(¢ ) is calculated

according to equation (7.13). The results along the height are plotted in Figure 7.14
and in the following ones . The stagnation value is well representative for the
turbulence-induced fluctuations around the circumference in the attached region. In the
wake the fluctuations drop at around one half. Relying on that, the following simple

model a"™( ¢ ) can be used to estimate turbulence-induced fluctuations, for any I;:

alM | (7.14)

1 99
¢)={ h

05 o> (ph

The apex (") stands for load model. According to that, the intensity of pressure
fluctuations varies along the circumference: it is constant before separation and drops
to 50% in the wake.

The red dotted curve “0.85-tot” in Figure 7.14 represents the ratio 6,(¢) / 6,0, Where
the suffix “tot” means “without subtraction of body-induced fluctuations”. It shows
that a considerable contribution of body-induced fluctuations has been removed by the
model, although the red curve (namely 0.85) still appears to be higher than 1 before
separation. The reason is due to some body-induced contributions which are correlated

to turbulent properties of the incoming flow and cannot be removed through tests in
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smooth flow. These contributions are manly at the flanges of the cylinder. In any case,

the departure from 1 is neglected in the proposed simplified model (equation (7.14)).

a(®)

Factor a(9) = p,1(9)/ps1(0°)

0

30 60 90 120 150 180 210 240 270 300 330 360
o [°]

———0.65

= === Model

Figure 7.14 Factor a(Q) for modelling turbulence-induced pressure fluctuations

(highest levels)

a(ep)

Factor a(9) = py1(¢)/ps7i(0°)

0.65

0.55

0

30 60 90 120 150 180 210 240 270 300 330 360
o [°]

====\odel

Figure 7.15 Factor a(Q) for modelling turbulence-induced pressure fluctuations

(intermediate levels)

233



Chapter 7. Load and response

Factor a(9) = Pon(@)/Pn(0°)
4
3.5
3
2.5
ChY: 0.45
]
1.5 0.35
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0.5 e !
0
0 30 60 90 120 150 180 210 240 270 300 330 360
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Figure 7.16 Factor a(Q) for modelling turbulence-induced pressure fluctuations
(low levels)

The comparison with results in literature is a proof of validity of the model, despite its
approximations. In particular, similar results are obtained in full-scale data at
transcritical Re by Propper (1977, fig. 8.8) on cooling towers. In that case, the
contribution of vortex separation is low, so that the predominant contribution is

turbulence-induced.

A further comment regards the linear extrapolation of the variances at I>=0in Figure
7.12 and Figure 7.13. It was an inevitable choice, since only two points per level at
different I, were available at each angle. However, the choice resulted to be rather
reasonable. As a proof, the height-dependent variances at stagnation (Cp,csz(z) =
Cp,GzTI(Z)V c) are plotted as a function of qu in Figure 7.17. It shows that a linear
relationship, whose extrapolation approximately crosses the origin of axes, is rather
correct. The points at the highest turbulence intensity represent pressures on the tower
at low levels (z/H < 0.20). The reason for which I is constant is the presence of the
smooth collector roof (Figure 4.8). In any case, at z/H < 0.20 the model fails. The
reason is that the horseshoe vortex system and the base vortices vary with the free-

flow structures and the extrapolation at I, = O is strongly non-linear.
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Cp,o0?(z) at stagnation versus lu?
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Figure 7.17 Variances C), o at stagnation versus L7: a linear relationship (WiSt data)

So far, the factor a() has allowed to calculate the turbulence-induced fluctuations
around the circumference provided their value at stagnation. Then, the latter can be
calculated from the turbulence intensity of the incoming flow. This allows to
generalize the model for any boundary layer condition. A first approach has already
been proposed in Figure 7.17. A similar approach is based on the factor A(z), which is
the ratio between the intensity of pressures at stagnation (the turbulence-induced

contribution, namely Ip 11(z)) and the intensity of turbulence 1,(z):

1 . (2)

p, Tl

1 (2)

A(z) = (7.15)

The intensity of pressures at stagnation Ipy(z) is approximately equal to the standard
deviation of the pressure coefficient at 0°, being p,(z,0°) (mean pressure)
approximately equal to the mean velocity pressure qm,(z) (because C,(z,0°)=1) and

Cp,011(2,0°) = C,,0(2,0°), as explained by equation (7.16).

p_ (200 p__ (20°

P LAY A R
p.TI P (z0°) C (z,0°)qm (z)
. p (7.16)
4 oI (Z,O )
=—— =(C (Z,Oo) ~C (Z’Oo)
qm(z) P’a,TI P’O'
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Therefore:

C

1

P (z,0°)
A =—C

@)

o

(7.17)

The coefficient A(z) calculated on the basis of WiSt results is approximately constant

along the height, as shown in Figure 7.18. Its mean value is around 1.93, which is

approximately the square root of the slope coefficient of the equation y = 3.8615 in
Figure 7.17. Only close to the ground (z/H < 0.20) is the ratio A(z) higher than twice

the turbulence intensity, due to the horseshoe vortex system, as previously mentioned

with regard to Figure 7.17. Numerical values are reported in Table 7.7. The value

A™(z) = 2, on the safe side, can be assumed by the designer without any significant

overestimation (see section 7.3). It means that the intensity of pressure at stagnation is

about twice the turbulence intensity of the flow.

z/H

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Factor A(z) = 1, 1,(2,0°)/1,(z) = C, 4(2,0°)/1,

---.:_‘:gc.-.._.;"

1.5
A(z)

B A2)
=== 1,93

Figure 7.18 Factor A(z)

Table 7.7 Factor A(Z) and simplified load modelling A*™(z)

WiSt
z/H I, Cp,6(2,0°) Az) = Cp(2,0°)/1,
0.99 0.0772 0.1469 1.9016
0.95 0.0794 0.1506 1.8970
0.91 0.0806 0.1499 1.8609
0.89 0.0811 0.1578 1.9443
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0.85 0.0823 0.1557 1.8917
0.75 0.0863 0.1646 1.9067
0.65 0.0925 0.1757 1.8985
0.55 0.1052 0.2061 1.9598
0.52 0.1099 0.2154 1.9599
0.48 0.1156 0.2259 1.9532
0.45 0.1195 0.2317 1.9394
0.35 0.1373 0.2719 1.9809
0.25 0.1527 0.3068 2.0095
0.15 0.1566 0.3349 2.1392
0.05 0.1571 0.4046 2.5761

Simplified load modelling: ALM(z) =2

Under the basic assumption that body-induced fluctuations are statistically
independent on turbulence-induced fluctuations (Hunt, 1975), the former can be
evaluated by an experiment in smooth flow. The result of the extrapolation at I, = 0 at
all levels, based on WiSt and CRIACIV results, as previously described, is plotted in
Figure 7.19. Numerical values can be found in the appendix (Table A.1). Differences
between the two sides due to experimental asymmetries have been averaged out. The
figure highlights three distinct regions: the tip region, with a strong effect of tip-
associated vortices; the two-dimensional region, where the strength of Karman vortex
shedding is practically absorbed by the stochastic fluctuation (the curves as z/H = 0.55,

0.45, 0.35 are close to zero); the low region with the ground effect.

Body-induced variances
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Figure 7.19 Body-induced fluctuations C,,,a2 g1 all around the tower
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7.14 Cross-correlation coefficients

The cross-correlation coefficients represent, beside the mean and the rms values, the
third piece of information to calculate the quasi-static response of structures to the
stochastic wind loading process. They give information about the lack of correlation
(size effect). Simple models of cross-correlations of pressure coefficients are proposed
in this section, they can be applied for calculation of shell stresses on the solar tower.
The analysis of cross-correlations of pressure coefficients is split up into the vertical
and horizontal directions. Their cross product is used to approximate the cross-
correlations between points having both horizontal and vertical separation, in case
measured data are not available. The goodness of the approximation is discussed at the
end of the section and later on in terms of the structural response. This simplification
allowed to reduce significantly the total number of simultaneous measurements in the
experiments, but a further refinement would be advisable for the future (Chapter 8).
Similarly, since force coefficients are calculated by integration of pressures at each
level, the evaluation of their cross-correlations required simultaneous measurements of
each level with all the other ones. Simultaneous data of forces at all levels are not
available, therefore it is not possible to develop a complete model for cross-
correlations of drag and lift coefficients to be used in beam-like calculations.
Therefore, cross-correlations of forces are used whenever available for a deeper insight

and clarification of pressure cross-correlations.

Vertical cross-correlation coefficients

The vertical correlation of pressures at stagnation depends on the turbulence structure
of the incoming flow. As before, it would be important to generalize the results
obtained for the specific turbulence condition tested in the wind tunnel to other
turbulence conditions. For this purpose, it is mainly referred to results at WiSt, since
measurements of both cross-correlations of pressures and velocities are available there.
According to Teunissen (1970) the vertical correlation coefficients of wind velocities
(along-wind component) in the atmospheric boundary layer have an exponential decay

along the height:

-C Az
p (Az)=e M

(7.18)

By definition, the vertical integral length scale of turbulence (L,,) is given by

integration:
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L =[p (Az7)d(Az) (7.19)
uzg O u

Therefore C,, = 1/L,,. If also the vertical correlations of pressures (pp,(Az)) can be

described by an exponential curve, then the vertical decay of pressure fluctuations can

be related to the vertical decay of turbulence fluctuations. In general, it is:

—C Az
p p(Az)=e pp (7.20)

L, is the pressure correlation length:
L =[p (Az)d(Az) (7.21)
Pz 0 p

Similarly, C,, = I/L,, and a factor “c” is introduced to describe the relationship

between L, and L,

—Az _c-Az
p (A7)=e /LPZ —e /Luz (7.22)
P
where:
L
c=-—4<
I3 (7.23)
pz

However, provided the information regarding the vertical correlation of turbulence
(Ly,), the relationship between L, and L;, is in general unknown. It further depends,
according to Hunt (1975), on the diameter of the structure. For example, for a circular
cylinder (L,,/D = 0.2 + 0.5) Hunt finds L,/L,, = 1.5 + 2.5 (the factor c is the inverse
value). According to him, the correlation length of pressure fluctuations (L,,) is larger
than the integral scale of turbulence L, because the vortices which are smaller than the
diameter of the structure pile up at stagnation. This creates more similarity in the
pressure fluctuations field.

239



Chapter 7. Load and response

In the case of the solar tower tested in the WiSt wind tunnel, the vertical integral
length scale of the velocity fluctuation varies along the height around 200 mm (see
Table 4.2). It is then of the same order of the tower diameter. Two representative
levels at small and large heights (z,f = 100 mm, upwards direction; zs = 700 mm,
downwards direction) are reported in Figure 7.20, in view of a direct comparison with
the pressure correlations. The vertical cross-correlations of pressures at stagnation are
fitted with a negative exponential curve. Figure 7.21 reports L, at two levels, selected

as the most suitable ones for the direct comparison with Figure 7.20.

z_=100mm-up z_=700mm-down
ref ref

L, =159mm

L,./D=1.06

h L |
200 400 600 800 1000 1200

Az
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i ple.sz)=exp( -85 | | "

p(Z’AZ)I: exp(— A%;M) 1

L, =183mm

L./D=122

I L L
200 400 600 800 1000 1200
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Figure 7.20 Vertical correlation coefficients of wind velocity (u-component)
a) Zrer = 100 mm (upwards); b) z,ef = 700 mm (downwards);
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Figure 7.21 Vertical correlation coefficients of wind pressure at stagnation
a) Zrer = 50 mm (upwards); b) 2. = 750 mm (downwards);

The comparison between Figure 7.20 and Figure 7.21 shows that L;, > L. It confirms
Hunt’s theory of the piling up of vortices at stagnation even for integral length scales
of turbulence which are comparable to the tower diameter. Then, in order to develop a
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general model, a more systematic study is needed at several reference heights and
different meridians. It is reported in the following.
In principle, L,, and L,, depend on the direction of movement (Az upwards, or Az
downwards). However, in view of a simplified model, the correlation coefficients are
considered as a function of IAzl. Figure 7.22 gives an overview of the pressure
correlation lengths in the attached region of the cylinder (i.e. before separation). As
said, they are calculated by integration of p(lAzl), i.e. assuming independence from the
direction of movement. The largest correlation length is the angle ¢ = 60°. The figure
also plots the integral length scales of the flow L,,. Reference values, averaged along
the height, are:

- Ly, =195 mm (Ly/D = 195/150 = 1.30);

- Ly,=285mmat ¢ =0° (c(0°) =L,,/L;, = 0.68);

- Ly,=254 mmat ¢ =20° (c(20°)=L,/L,, =0.77);

- Ly, =341 mmat ¢ =300° (c(300°) = L,/L,, = 0.57).
Figure 7.23 shows the experimental height-dependent ratio L,,/L,, (the so-called factor
“c”, equation (7.23)) at different circumferential angles before separation. The figures
shows that the ratio L,,/L;, is different at each angle but it is approximately constant

along most of the height.
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Figure 7.22 L,; and L, in the attached region Figure 7.23 Factor ¢ = L,/L,;

before separation, calculated by integration (WiSt results)

of p(14zl), i.e. assuming independence of
direction of movement (WiSt results)

The cross-correlation coefficients in the wake region drop faster with increasing
distance. It would lead to small values of L,,. In fact, at WiSt, the cross-correlation
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remains almost constant to a non-zero value, around 0.18, at very large distances of
separation (Figure 7.24). Such a constant correlation is not present in the undisturbed
flow. The physical reason is probably a big steady vortex in the near-wake, due to the
recirculating flow, as discussed in section 6.3 in the comparison with CRIACIV data.
From a mathematical point of view, the negative exponential function would force the
curve rapidly to zero and would not consider this quasi-asymptotic behaviour, leading
to an underestimated value of L,,. A double negative exponential function fits better in
the wake (Figure 7.24, red curve). However, in this way the integration of the cross-
correlation coefficients from zero to oo results in an impressively high value.
Therefore, it is decided to calculate a so-called “equivalent correlation length” by
integration of the double exponential fitting function along the tower height (from zero
to Az = H). It can then be used to model the correlations according to equation (7.22).
The resulting values of the equivalent correlation lengths for the wake region are
reported in Figure 7.25. Apart from the departure in the tip region, it can be

approximately said that:

L,, =260 mmat ¢ =120° (c(120°) = L\,/L,, = 0.75);
- Ly,=340 mmat ¢ =180° (c(180°) = L,/L,, = 0.57);
Vertical correlations:T1-SR0-R1 -EFO«)VE'=1EH°-ZIEf=95ﬂm 1 0 0 0
§ a0 u \‘z == Luz
09 900 5
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Lpz=168.4239m 0 ]
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Figure 7.24 p(0.95H,14z|) double negative Figure 7.25 Equivalent L, in the wake
exponential fitting curve, in order to fit the almost ~ region, calculated by integration along
constant correlation at large distances the tower height
(WiSt results) (WiSt results)

It results that around the circumference there is a certain variability of L,,. In any case,
provided the values of L, at different angles, the vertical cross-correlations are easily

modelled by applying equation (7.22), i.e. by a negative exponential function.
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In order to estimate the goodness of this modelling, Figure 7.26 plots the measured
cross-correlations by using the dimensionless x-axis |Azl/L;,. The black line is the
modeled curve by using a negative exponential function according to equation (7.22).
In the dimensionless plane it is just p(IAzl/L,,) = exp(-1*IAzl/L,,). It can be seen
(Figure 7.26a), that the use of a negative exponential function provides a good
estimation of the vertical cross-correlations in the attached region of the cylinder
before separation. In the wake region (Figure 7.26b) the scatter is bigger, also because
of the quasi-asymptotic behaviour at large distances. In any case, Figure 7.26b,
compared to Figure 7.24, shows that this behaviour is partially removed by the use of
the “equivalent” L,,, as previously defined. However, at short distances it tends to
overestimate the cross-correlations.

In any case, the goodness of the proposed stochastic model for vertical correlations
does not depend on the scatter in the approximation of the load, rather on the effect on
the response. A beam-like calculation (through the co-variance method) estimated that
an even high non-zero drag correlation at large distance (e.g. 0.3) would produce an
increase of around 3% of the base peak bending moment. This increase is further
reduced by introducing the equivalent (larger) L,,. Therefore, it can be concluded that
a simple negative exponential function according to (7.22) can be used without any

significant underestimation.
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Figure 7.26 Modelling of vertical cross-correlations by negative exponential function
a) attached region before separation; b) wake region

In order to generalize the model to any turbulent boundary layer flow, which is
characterized by a certain profile of L,,(z), L, should be evaluated from L,, by using
the factor “c” and equation (7.23). On the basis of WiSt results, such factors around

the circumference are summarized in Table 7.8.
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A further simplification can be introduced in the load model (*™) by neglecting the
circumferential variation of L,. This is reported in the last row of Table 7.8. Although
the load input might be rather approximated, the calculation of the response did not

show any significant change. Because of that, the approximation (") is recommended.

Table 7.8 The factor “c” to relate L,; and L,

Luz [mm] - WiSt 0[] Ly, [mm] - WiSt ¢ =Ly/Lp,
0 285 0.68
20 254 0.77
60 341 0.57
195
80 296 0.66
120 260 0.75
180 340 0.57
(“™) Load Model
0-360 2/3
approx.

In conclusion, in the general case the vertical cross-correlations of pressures can be

modelled as:

HA_
3/L 7.24
ad)ee e 1z (7.24)

pp(z,

Horizontal cross-correlation coefficients

The horizontal correlation coefficients around the circumference are governed by the
mean flow pattern, while the structure of incoming turbulence is of secondary
importance (Propper, 1977). Therefore, the first parameter to describe the cross-
correlation matrix at a certain level is the separation angle ¢, (see Table 7.5).

By definition, p(¢; ©;) = p(@,; @), therefore the correlation matrix is symmetric with
respect to the main diagonal, whose values are equal to 1. Moreover, due to the
symmetry between the two sides of the cylinder, the matrix is also symmetric with
respect to the secondary diagonal. The description of one quarter of the matrix will

then contain all the necessary information’.

" In case of rings, instead, the presence of a bubble on only one side of the cylinder breaks the
symmetry with respect to the secondary diagonal.
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The correlation coefficients depend on the reference position and on the direction of
movement. The reference position is classified in two groups: points before separation
(p < @) and points after separation (¢ > ¢;). The direction of movement is either
downstream or upstream. The cross-correlations of stagnation and of rear stagnation
(i.e. 0° and 180°) are the only ones which are symmetric around the circumference.
The circumferential correlations of the stagnation point with all the other points around
the circumference resemble the mean pressure distribution (Figure 7.27). Stagnation
and maximum suction have a strong negative correlation; stagnation and wake area
have small negative correlations. It means that the fluctuations around the
circumference appear to be organized by the mean flow and a considerable portion of
them may be understood as a “breathing” of the mean flow.

The correlations of rear stagnation prove that the correlation between points in the
wake and points before separation is not equal to zero. There is a relatively strong
correlation between the maximum lateral suction and the wake (p(180°,70°) = 0.6) and
even at 0° the correlation is not zero: p(180°,0°) = -0.2. These values are in agreement
with Propper’s results on cooling towers (Propper, 1977, figure 8.14). Therefore,
Hunt’s assumption of statistically independent pressure fluctuations due to incoming

turbulence and vortex shedding is not completely confirmed.
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Figure 7.27 Cross-correlation coefficients p(0°,4p) and p(180°,4¢) at zZH = 0.55
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Figure 7.28 plots the circumferential cross-correlations at z/H = 0.55 when the
reference position (listed in the legend, corresponding to p=1) is before separation.
The downstream movement from the reference position has to be read in the graph
from left to right, while the direction towards left refers to the upstream direction of
movement. Similarly, Figure 7.29 plots the circumferential cross-correlations at z/H =
0.55 when the reference position is in the wake. All these pieces of information are

then synthesized together in the correlation matrix in Figure 7.30.

Let us consider the cross-correlations to a reference angle ¢, before separation
(Figure 7.28). A significant difference between going downstream or upstream the
cylinder from the reference position is the extension of the range of the negative
correlations. In particular, in the downstream direction there is a weak negatively
correlated range, which disappears in a positive plateau as the reference position
approaches separation. Referring to p(20°,¢), for example, the negative correlated
range lies between p(20°,60°) and p(20°,100°), i.e. Ap = 40°. The position Qs = 60° is
always positively correlated with the downstream positions. The upstream cross-
correlations, instead, drop in a deep negatively correlated area when the two points
belong to opposite sides of the cylinder. For example, at ¢, = 20° the negative range
with circumferential positions on the other side lies between p(20°,340°) and
p(20°,270°), i.e. Ap = 70° and the correlation drops till -0.7. The negative correlation
between the two sides of the cylinder is marked by the dark blue on the upper right-
hand-side corner in Figure 7.30 (or, similarly, the lower left-hand-side corner).

Along the height, the spanwise variation of the circumferential correlations follows the
same organization of the mean flow. The following three main regions are detected
along the height (Table 7.5):

- tip region (z’ < 2D from the top, i.e. z’ < 0.3H in the case study), Figure 7.31;
- normal region (z/H > 0.5 and z’ > 0.3H), Figure 7.30
- low region (z/H < 0.5), Figure 7.32;

For simplicity, only one correlation matrix is proposed for the low region (Figure
7.32), that is an envelope of values on the safe side. Instead, the tip region can be

further subdivided as follows:

- tip region (z’ < 2D): a) z’ < 0.3D (Figure 7.31a)
b) 0.3D <z’ <0.5D (Figure 7.31b)
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¢) 0.5D <z’ <D (Figure 7.31c)
d) D<z <2D (Figure 7.31d)

Numerical values of correlation matrices for calculations are reported in the appendix
(section 10.1).

Correlations between points with horizontal and vertical separation

The cross-correlations between points with horizontal and vertical separation (A¢ and
Az) are approximated by the cross-products (equation (7.25)). The approximation in
unavoidable, because the streamlines of the flow descend while flowing round the
body. These movements are even enhanced by the velocity gradients in shear flow.
Therefore, it is generally not possible to split the correlation into a height-dependent
and a circumferential distribution. The topic is also addressed in Kasperski&Niemann
(1988). However, the three dimensional correlation field has not been completely
measured in the experiments on the tower. Because of that, the use of approximation
(7.25) cannot be avoided. Further tests are advisable in the future for refinement of this

model.
p(zl,(ol;zz,(ﬂz) E,O(zl;zz)-,O((ﬁl;(ﬁz) (7.25)

Equation (7.25) can be applied in two ways: the vertical correlation can be evaluated at
¢= ¢; and the horizontal correlation at z=z, or viceversa. Numerically, the results are
different, but a general rule does not exist. Therefore, in this work the cross-product
was calculated in both ways and the safest result was considered. Whenever measured,
p(Q1,Z1; ©2,2) 1s compared to its approximated modelling. The modelling results to be
mostly on the safe side. Only the cross-correlations in the wake might be

underestimated.
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7.2 The beam response

The beam response of the solar tower is governed by the first natural vibration mode
(n; = 0.17 Hz, Figure 2.20). Being S; = 0.2 (Chapter 4), the critical velocity for vortex
resonance is about n;D/ S; = 0.17*150/0.2 = 127 m/s. This is much higher than the
design velocity U(1000) = 55 m/s (Deaves&Harris model, Figure 2.4), so that
resonance between the Strouhal frequency and the (transversal) vibration frequency is
not expected. In these conditions, the design is led by the drag force, even though the
cross-wind response remains an important contribution.

This section addresses both the along- and the across-wind beam response to the
stochastic wind loading process. The background contribution is at first evaluated by
the covariance method. Then, it is split up in the frequency domain by using time
histories and influence coefficients. This calculation is then repeated by using the
software Ansys, including inertial and damping forces. The first sub-section (7.2.1)
considers the reference load condition, i.e. without any load modification produced by

the rings. The effect of the rings is estimated in the second sub-section (7.2.2).

7.2.1 Quasi-static and dynamic beam response

The beam response of the tower is evaluated in this section by using the reference load
condition, i.e. the effect of the rings on the load is not considered. This load
configuration corresponds to the experimental results SRO.

At first, the background response to the drag force (og”), i.e. the response to the
excitation that is transmitted without resonant amplification, is estimated without any
split into frequencies through the covariance method (Niemann et al., 1996). This
method uses statistical averages obtained from measured time series rather than the

time series themselves.

= . . =diag[F - -diag|F .
n -cov__ 1 and COVD diag| O_] pD diag| 6] (7.26)

The matrix covp contains the covariances between drag forces at different levels and
the vector n contains the influence coefficients for a certain effect at a certain cross-
section. The covariances can be further split up into the product between rms values
and correlation coefficients. The peak value of the bending moments (Mp pear) 1S

defined as:

(z)=M (2)+k M

M D. peak z Dom Mo (2) where k, = 3.5. (7.27)
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The load data (Cp,,, Cp, and pp) in the basic load configuration (without rings) and
the results are listed in the appendix (Table A.8, Table A.9, Table A.10). A synthetic
summary is reported here in Table 7.9 and plotted in Figure 7.33.

The base peak bending moment results in the order of 8.7%10" kNm. The calculation
does not include the quasi-asymptotic contribution due to the steady recirculation
region in the near-wake (Figure 7.24 showed such a contribution in terms of pressure
correlations at 180°). This would result in non-zero values of the cross-correlations of
drag force at large distance. However, it has been estimated that even high asymptotic
correlation in the drag to the constant value 0.3 instead of 0 would imply an increase in

the base peak bending moment of only 3% (i.e. Mpeak base = 9.01*10’ kNm). It is then
negligible.

Table 7.9 Quasi-static beam response to drag force (effect of the rings on the load not

included)
(m] Mp,m MD,cs2 Mp peak
Z|m
[kNm] [kNm]? [kNm]
0 6.45E+07 4.26E+13 8.74E+07
650 9.90E+06 1.45E+12 1.41E+07
750 5.42E+06 4.64E+11 7.80E+06
850 2.06E+06 7.17E+10 3.00E+06
950 2.14E+05 1.25E+09 3.38E+05
Response to drag force (cov-method, background response)
1000
900
800 =
700 1 \\
600 TN
£ 500 '. : _\\ ------ mean
b 400 ‘| .".. N === ms
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100 e \\
0 [ | ke \
0.0E+00 2.0E+07 4.0E+07 6.0E+07 8.0E+07 1.0E+08
Bending moment [kNm]

Figure 7.33 Quasi-static along-wind beam response (effect of rings on the load not included)

Then, the across and the along wind beam responses are calculated in the time domain.
The background response to the stochastic process is evaluated by the use of measured
time histories and influence coefficients, i.e. it is “manually” calculated by applying

statically at each time step the influence coefficients of forces along the height. The
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influence coefficients for the bending moment at the base are just the heights of the
forces. The full dynamic response is calculated with the software Ansys by integration
of the dynamic equations of motion (including damping and mass forces) and it shows
the dynamic amplification at the first two vibration modes. Simultaneous time histories
have to be used in the calculation. They have been measured at four levels (950-850-
750-650 m) and - for the purpose of this analysis - all the other time histories are
considered fully correlated with them.

The spanwise variation of the tower diameter (Figure 1.13) has been included in the
calculation, in order not to underestimate the mass of the structure. The data in the
wind tunnel (wr) are transferred into full-scale (gs) by scale factors applied on the
length (A, = Lgs/Lwr), on the velocity (Ay = Ugs/Uwr) and consequently on the
frequency (Ar = Ay/Ar) and on the time (A = 1/Ag), as explained in section 4.1.2. The
reference length scale is the scale of the model (1:1000), because the tower diameter
enters the Strouhal number. It is then assumed that the boundary layer in the wind
tunnel is scaled similarly.

The main input data of the analyses are:

- Dgs(H) = 150 m; Dyr(H) =0.15 m — A1 = 1000;

- Ugps (H) = 51.31 m/s (H&D model, V, = 25 m/s, II terrain cat.); Uyt (H) =
25.07 m/s — Ay = 2.05;

- Ap = 1/488; At = 488; it is not too far from the time scale that would have been
obtained by comparing T, in the wind tunnel and T, in full-scale, even though
Ty in full-scale is an uncertain parameter (see section 4.1.2).

In addition, the time domain analysis includes damping and inertial forces (full-
transient analysis, Ansys):

- Integration time step = 0.244 s = (I/ngmp)*Ar = (1/2000)*488 < 1/20n; =
1/(20*0.17) = 0.29;

- Rayleigh damping: [D] = a[M] + B[K]. The coefficients are calculated
assuming modal damping ratios & equal to 0.01 (corresponding to a logarithmic
decrement 6 = 21§~ 0.06) at n; = 0.17 Hz (beam bending mode) and n3 = 0.65
Hz (beam mode with two nodes), according to the formula & = a/2w; + Pwi/2,
where m; = 27n;.

Tapered elements “beam188” in Ansys library have been used in the finite element
model of the tower.

Figure 7.34 shows the spectrum of the loading process in the across-wind direction
(Scp). Figure 7.35 and Figure 7.36 show the quasi-static and the dynamic responses,

respectively, in the across-wind direction. Since the methods and the tools of
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calculations are different, the good agreement of results is a further proof of validity.
Instead, Figure 7.37, Figure 7.38, Figure 7.39 refer to the along-wind direction. In this
regard, it is interesting to note the similarities to the undisturbed flow fluctuations
(Figure 4.11).

Figure 7.34 shows the typical two-peaks lift spectra, due to tip-associated vortices.
They are shed only in absence of ring beams (basic load configuration), that is the one
considered in this section. The critical wind speed for the lower Strouhal number
(around 0.07) is very high, so resonance between the structural mode the low-
frequency peak will not occur®. On the other hand, there will be a quasi-static low
frequency oscillation on which the Karman resonance is superimposed. It is then
important to quantify the response contribution of the tip-associated vortices.

In the background response, the contribution of the low frequency peak in the bending
moment at the base is around 7% (Figure 7.35). If resonance is included (Figure 7.36),
the tip-associated vortices increase the variance of the total response of only 3%’
Therefore, the contribution of tip vortices in the total response is not so significant.
Moreover, Figure 7.36 highlights the dynamic amplification at the base due to the
structural vibration modes. The first mode (n; = n, = 0.17; n;D/U = 0,50) is the beam
bending mode, typical of the solar tower (see section 2.4). The filtering effect of the
structure at higher frequencies (mechanical transmittance) is also evident in the graph:
the black spectrum goes below the blue one after the resonant peak. The second
vibration mode (n; = 0.65; n;D/U = 1,9) is a beam mode with two nodes of inversion
in the shape. It is typical for beams but its frequency is not the same as in the shell
model of the solar tower. In the shell tower, the second beam mode has a much higher
frequency. Many shell-like modes precede it. Therefore, the beam FE model does not
reproduce faithfully the real structure, which is not, in fact, a beam. In any case, the
vibration frequency of the second beam mode is high and it lies in a frequency range
which is not reproduced accurately even in the load. In fact, as explained in section
4.1.3, the damping effect of 1.5m pressure tubes predominates at n > 200 Hz (wind
tunnel scale), that is nD/U > 1.2. This is the cut-off frequency for the spectra.

8 In this work, non-linear geometrical effects arising from low frequencies of excitation are
not considered, as well as the reduced stiffness due to concrete cracking. Further investigation
in the non-linear behaviour is a future outlook.

9 In Figure 7.36 the spectra do not seem to decrease to zero as n—0. This is a matter of the
log plot and An. For example, in the “0-qs” curve the first point has coordinate (nD/U =
AnD/U = 0,00146074 ; Sn = 3,57E+11). The ordinate is more than two orders smaller than the
highest magnitude. Moreover, the ordinate is a very small number close to zero once it is
divided by the variance, as it is in the dimensionless plot (3,57E+11/1,61E+14 =2.2* 10'3).
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Table 7.10 summarizes the results of the quasi-static and dynamic beam response.
Results are separated in the along wind and across wind direction. The variance of the
response in the across-wind direction is higher than in the along-wind direction. This
can be explained by looking at Figure 4.13. At sufficiently high frequencies, the
energy contribution of the v-component of wind speed is higher than the energy
contribution of the u-fluctuations.

The effects in the two directions need to be combined in the resultant bending

moment, which is a function of the along- and across-wind bending moments:

M =g(M M)%M =./M

, (7.28)
res D L res D L

The resultant bending moment can be linearized with Taylor expansion around the

middle value; in general it is:

(7.29)

Therefore, the mean and the variance of the resultant bending moment are:

2 2
M oM M. |= M2 +m
res, m g( D,m’ L,mj \/ D,m " Lm (7.30)

2 2
0 0
M= % M . & )
res, o BMD D,o BML Lo

(7.31)
g og

+ M. M (M M )
oM |om, | Do Lo’V p ML
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Where the derivatives are taken at the mean value of the independent variables. If My ,,
= 0, by linearizing at the first order it results that Mres,cs2 R MD,GZ.

By combining the effects at each time step in the time domain (equation (7.32)), the
variance can be exactly evaluated by the resulting time history. It is reported in Table
7.10 and it allows to quantify the approximation by linearization. It can be seen that in
the dynamic calculation Mres,(5132+<5R2 and MD,632+(5R2 differ of only 6% at z/H = 0.

The difference is higher in the quasi-static calculation (MreS,GBZ compared to MD,GBZ).

M (1) =\/M12)(t)+Mi(t) (7.32)

The dynamic amplification at the base (z/H = 0) is 22%, calculated according to
equation (7.33):

M +k M
res, peak, B+ R D,m p vres,0,B+R
dyn = Y; Y (7.33)
res, peak, B D,m p res,o,B
Table 7.10 '° Beam response without and with resonance
(effect of the rings on the load not included, WiSt results)
z 950 850 750 650 0 m
CD,cr2 0.013 0.010 0.007 0.006 0.006 drag coeff. variance
CL,62 0.024 0.036 0.021 0.020 0.020 lift coeff. variance
Mp,m 2.14E+05 | 2.06E+06 | 5.42E+06 | 9.90E+06 | 6.45E+07 | kNm | along wind mean

MD,cB2 1.25E+09 | 8.65E+10 | 5.20E+11 | 1.61E+12 | 5.75E+13 [kNm]2 along wind background
Mp,65°+6%> | 2.98E+10 | 5.93E+11 | 2.94E+12 | 8.53E+12 | 1.80E+14 | [kNm]* | along wind | with resonance
ML,GBZ 2.31E+09 | 1.75E+11 | 1.28E+12 | 4.06E+12 | 1.58E+14 [kNm]2 across wind | background

M,,65>+0g> | 4.24E+10 | 9.10E+11 | 4.75E+12 | 1.40E+13 | 3.28E+14 | [kNm]* | across wind | with resonance
Mres,ch 1.82E+09 | 1.02E+11 | 6.06E+11 | 1.85E+12 | 6.32E+13 [kNm]2 tot. response | background

10 The mean response in Table 7.10 is evaluated by using the same load distribution as in
Table 7.9. Instead, the background and the dynamic responses reported in Table 7.10 are
evaluated by using simultaneous time histories measured in the wind tunnel. Since only four
levels of simultaneous measurements were available (z/H = 0.95; 0.85; 0.75; 0.65, 18 pressure
taps at each level), for the purpose of this analysis all the other time histories at other levels
are considered fully correlated with them. Consequently, a higher value of the stochastic
response is obtained. Even from the dynamic point of view, the fact that the time histories are
fully correlated at lower levels is an overestimation on the safe side, because the first
vibration mode does not have inversions of shape along the height.
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\ M e, 05 +05" ‘ 3.06E+10 ‘ 6.17E+11 | 3.09E+12 ‘ 9.02E+12 ‘ 1.92E+14 | [kNm]* | tot. response | with resonance ‘

In the dynamic calculation, time histories of around 80 minutes (full-scale time, based
on the previously mentioned scale factor A = 488) were applied as input in Ansys.
This time window corresponds to 10 s in the acquisition of wind tunnel data. A zoom
on a time window of 0.5 s (in the wind tunnel scale), which corresponds to 244 s in
full scale, is plotted in Figure 7.40 and in the following ones. The aim of these figures
is to study, in the time domain, the vortex separation and the structural vibration, both

in the stochastic loading process and in the structural response.

The full-scale period of vortex separation is around 15 s (S,D/U = 0.2*51/150 = 0.068
Hz). It corresponds to about 0.03 s in the wind tunnel. Therefore, about 16 vortex
shedding periods occur in the time window of Figure 7.40. This oscillation is evident
in the time history of the loading process (Figure 7.40), superimposed to the stochastic
contribution due to turbulence fluctuations. In order to highlight vortex separation, the
time histories have been filtered with a passband filter around the Strouhal peak (nD/U
between 0.18 and 0.22). The blue lines represent the filtered time histories.

In particular, Figure 7.40 plots the lift coefficient at a representative level (z = 650 m).
Figure 7.41 plots the corresponding effect, i.e. the across-wind bending moment, at the
same level, both without and with filtering around Strouhal (magenta and blue lines,
respectively). The magenta line highlights, in the response, the dominant oscillation at
the frequency of the structural vibration: the structure is, itself, a filter. While the
vortex shedding period is about 0.03 s in the wind tunnel scale, the structure vibrates
with a shorter period, about 0.01 s (I/nl/Ap = 1/0.17/488). It results that about 40

cycles occur in the time window of Figure 7.41 (that is 0.5 s).

It is interesting to analyze the response that there would be in conditions of resonance
between vortex separation and structural vibration frequency (Figure 7.42). This is not
a design condition, resonance has been imposed just for the purpose of this analysis by
reducing the Young modulus of the material and increasing the wind speed. Resonant
conditions are obtained at Uy = 74 m/s and reduced stiffness so that n; = 0.10116 Hz
(nD/U = 0.20 = S)). Figure 7.42 proves that in this condition stochastic properties of
the load are completely filtered out in the response by the resonant vibration. The
magnitude of amplitudes is also much higher (one order of magnitude, if compared to
Figure 7.41). The cross-correlation functions in the resonant condition assume a value

close to 1 along the whole height and decrease slowly in time.
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Chapter 7. Load and response

Another important issue is the correlation along the height of the lift force and across-
wind response.

The cross-correlations of the lift coefficients (z,s = 650 m) are plotted in Figure 7.43.
The correlation length of the “total” lift (i.e. unfiltered) is small, around one diameter
(Lier = 154 m), because of the stochastic effect of turbulence. The correlation length
of the filtered time histories (so-called vortex shedding lift) is higher because the
stochastic effect is largely removed. Nevertheless, it is still small (Lys = 262 m), less
than two diameters. However, the correlation of the response is much higher, being the
structure itself, with its vibration frequency, a filter. In the time domain, this effect was
clearly evident in Figure 7.41, where the structural oscillation governs the magenta
line. In fact, the across-wind response is almost fully correlated along the whole
height: Figure 7.44 shows p(950,Az) and proves that p(950,1000) is more than 0.8.

Ci ions of the lift ici Zm_=65[)m4T1—SR0-EFD-MSSZ-I

Lyypy=154m, L =582m Cross-correlations of the across wind bending moment, z _=950m

1
—Lift
== \fortex Shedding Lift 0.9

0 100 200 300 400 500 600 700 800 900 1000
Az [m]

0 100 200 300 400 500 600 700 800 900 1000
Az [m]

Figure 7.43 Cross-correlation coefficients of  Figure 7.44 Cross-correlation coefficients of
lift and vortex shedding lift (z,.r = 650 m) the response (across wind bending moment,
Lref = 950 m)

The spanwise correlation of the lift force and of the across-wind response is further
analyzed in Figure 7.45, Figure 7.46, Figure 7.47. Two levels, 650 and 950 m, are
chosen as representative. Load and response at these two levels are compared. Even if
the fluctuations at 950 m are small, these levels are selected because simultaneous time
histories were available at the largest separation distance (Az = 300 m). Moreover,
Figure 7.44 proves that, even if the fluctuations at 950 m are small, their correlation is
high all along the tower, so that even this high level is representative.

Figure 7.45 shows that in the stochastic process the load correlation due to vortex
separation is strongly diminished by turbulence (p = 0.1273). Once the time histories
are filtered around the Strouhal peak (Figure 7.46), the cross-correlation is expectedly
higher (p = 0.4197).

260



Chapter 7. Load and response

The modulation in amplitude of the filtered time histories is due to the beats
phenomenon. It is produced by vortex shedding frequencies which are very close to
each other, so that when the different waves are out of phase they tend to cancel each
other and the resulting amplitude is small. Instead, when they are in phase they sum up
and the resulting amplitude of oscillation is higher. This enhances the cross-correlation
between different levels, too.

Figure 7.46 shows the correlation of the response at z; = 950 m and z, = 650 m.
Consistently with Figure 7.44, the response has a much stronger correlation. The
predominant oscillation is the bending vibration mode. The cross-correlation between
the responses at the two levels is still close to 1 (p = 0.9638), although the two levels
are at a distance of 300 m.

Lift coefficients (T1-SR0-EF0-MS32-1)
T T T T

cun - Cross-correlation(650,950) - time shift=-0.0015s
T T T T

T
650
950

.0

plz,z,)
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6 6.05 6.1 6.15 6.2 6.25 6.3 6.35 6.4 6.45 6.5 05 04 03 -02 01 0 01 02 03 04 05
time [s] tls]

a) D)
Figure 7.45 Lift coefficients at 7 = 650 and 950 m
a) time histories; b) cross-correlation function. p(650,950) = 0.1273

Lift coefficients (T1-SR0-EF0-MS32-1) CLIFT - Cross-correlation(650,950) - time shift=0s
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""""" = —
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a) b)
Figure 7.46 Lift coefficients at 7 = 650 and 950 m: filtered time histories, bandpass filter
around Strouhal (0.18-0.22).
a) time histories; b) cross-correlation function. p(650,950) = 0.4197
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Figure 7.47 Cross-wind response at 7 = 650 and 950 m: a) time histories, b) cross-
correlation function. p(650,950) = 0.9638

7.2.2 The structural response to the asymmetric load

The mean asymmetric load created by the rings is characterized by higher drag (Figure
5.39) and mean steady lift. C,,, is in any case considerable smaller than Cp,,.
Moreover, the effect of the steady lift at the base is partially balanced by the inversion
of the force along the height. In case of rings, the force coefficients (obtained by
pressure integration) were not measured all along the height, therefore some
approximation has been introduced in the calculation.

Relying on the measurements, a suitable resulting load model is plotted in Figure 7.48,
together with its structural response in Figure 7.49. Numerical values are reported in
the appendix (Table A.11, Table A.12).

Atz =0:

NO RINGS: Mp,, = 6.45%10" kNm (along wind, mean response)
Mesm= Mp n = 6.45%10" kNm

10 RINGS: Mp, = 7.01%10 kNm (along wind, mean response)

Mpnm= 3.14*10° kNm (across wind, mean response)
Mres,m = (1\/ID,m2 + 1\/IL,mz)0‘5 = 702*107 kNm

Globally, in case of 10 rings, an increase in the mean bending moment at the base is

estimated of about 9%:

M es m(10 1ings) / Myes m(no rings) = 7.02%107/6.45%10" = 1.09
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Figure 7.48 Effect of asymmetric flow due to ring beams: mean load
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Figure 7.49 Effect of asymmetric load due to ring beams: mean response

Then, the effect on the response is evaluated by applying simultaneous time histories

in a quasi-static and a dynamic calculation. The calculation is performed like in section
7.2.1. Results are reported in Table 7.11.

Table 7.11 Beam response (along and across wind bending moment)

without and with resonance (load configuration with 10 rings, WiSt data)

z 950 850 750 650 0 m
Cp,o” 0.101 0.095 0.095 0.104 0.104 drag coeff. variance
CL,0° 0.014 0.017 0.022 0.039 0.039 lift coeff. variance
Y 9.24E+08 | 6.39E+10 | 3.92E+11 | 1.28E+12 | 6.59E+13 | [kNm]* along wind background
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Finally, through the comparison of Table 7.10 and Table 7.11, it can be quantified that

the increase in the peak response at the base in case of ten rings is about 13% (Table

7.12, Table 7.13). It is basically an effect in the along-wind direction; in fact, the

contribution given by the steady lift is one order of magnitude lower. Therefore, the

effect of the rings on the beam response is not dramatic. Furthermore, the results

presented here represent the highest limit, i.e. many rings (ten) and rather big.

without and with rings:

Table 7.12 Across and along wind beam response (including resonance)

Along wind response (at z = ()

Across wind response (at z = 0)

Mbp,m Mp,6 Mb peak Mym My ML peak
[KNm] [KNm] [KNm] [KNm] [KNm] [KNm]
SRO 6.45E+07 1.34E+07 1.12E+08 1.81E+07 6.34E+07
SR1 7.01E+07 1.61E+07 1.27E+08 3.14E+06 1.90E+07 6.96E+07
SR1/SR0 1.09 1.20 1.13 1.05 1.10

SRO = load modification due to the rings not included;
SR1 = load modification due to 10 rings included

Table 7.13 Resultant beam response (including resonance) without and with rings
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Resultant response (at z = 0)
Mes,m Mtes, o Mes,peak
[kNm] [kNm] [kNm]
SRO 6.45E+07 | 1.39E+07 | 1.13E+08
SR1 7.02E+07 | 1.64E+07 | 1.28E+08
SR1/SR0 1.09 1.18 1.13

SRO = load modification due to the rings not included;
SR1 = load modification due to 10 rings included
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Chapter 7. Load and response

7.3 The shell response

The shell response to the stochastic wind loading process is at first investigated
through the covariance method. It is a quasi-static calculation (resonance not included)
and it allows to consider the wind effect due to correlation of pressure. Input data are
Cpm» Coor p(Az, Ag). They are all available by the experiments''. Then, dynamic
calculations which include inertial and damping forces are performed on the tower by
the software Ansys. The structural calculations always assume the presence of
stiffening rings along the height (see Figure 1.13 and Figure 1.14 for the reference
tower geometry), while the modification the rings create on the load is included only if
specified.

In section 7.1 the big amount of experimental data has been simplified in a few
parameters, which are of general application by the designer in any design condition.
This simplified model is now validated through comparison of responses by applying
either the experimental load data (directly measured) or the simplified load model.
Results of the simplified model turn to be well representative of the experimental
situation, so they can be extended in further applications to different boundary layer
flows (and to structures of different aspect ratios). They allow to calculate the
background response to the stochastic process in case of linear structural behaviour.
The wind load model derived from the wind tunnel investigation is then applied to a
codified design wind profile for a certain location and terrain category. The local
effects in the vicinity of the ring beams represent the substantial difference which is
not included in the beam model presented before.

As the wind load is influenced by the actual number and size of rings, the
quantification of the expected increase in stresses in the response due to the rings is
another object of this section (see 7.3.4).

7.3.1 Validation of the simplified wind load model

The stochastic wind load model proposed in section 7.1 is suitable for being used in
the quasi-static calculations through the covariance method (Niemann et al., 1996).
The input data which are required are: Cp,,, C, 5, p(A@) and p(Az). They have been
modelled in section 7.1 with regard to the flow properties (especially I, and L,,) and

summarized in the appendix (section 10.1).

! For locations where p(Az ,A@) is not measured, it is substituted by the product between
p(Az) and p(Ao).
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In this section, the structural response of the tower is evaluated through the covariance
method, both under the experimental data (directly measured at WiSt tunnel) and the
simplified load model, applied to the same flow condition (the one at WiSt wind
tunnel). The results are compared in order to identify to which extent the simplifying
assumptions on the stochastic load in section 7.1 may affect the response. The aim is
to validate the general use of the simplified stochastic load model for any atmospheric
boundary layer flow. The wind load model (proposed in section 7.1) introduced the
following approximations:

- the cross-correlations between points with horizontal and vertical separation are
modeled as a product of p(Ag) and p(Az);

- A(z) = 2 constant along the height is a value on the safe side only at z/H > 0.2
(section 7.1.3) because it does not include horseshoe and base vortices;

- the body-induced fluctuations (Figure 7.19) are extrapolated at I, = 0, through
the assumption that they are not correlated to turbulence-induced fluctuations,
although the wake fluctuations show a certain correlation with points before
separation (Figure 7.27);

- the vertical correlations refer to the unified value around the circumference L,
= (3/2)L,, (Table 7.8) and the constant almost asymptotic correlation at large
distances, due to a large recirculation bubble in the near-wake, is neglected.

These approximations are accepted in view of the following results. Only the first
simplifying assumption cannot be completely assessed because of the lack of the
complete three dimensional correlation field; further experiments would be necessary
(Chapter 8). The lack of a three dimensional correlation field might be one of the main
reasons for the differences in the standard deviation of the stresses. In the following
figures, the blue lines represent the effect that result from the experimental data, the
red dots/lines from the simplified stochastic model applied to the same flow condition.
The stochastic model underestimates of about 10% the rms values of internal forces.
As regards the bending moments, the differences are less than 1 kNm/m. Moreover,
the approximation is strongly reduced once the peak values are considered, so that the
model can be accepted (Figure 7.56). The peak values of the structural response (S =
either ny;, ny;, my; or my,, i.e. circumferential or meridional forces and bending

moments (direction 1 is circumferential, 2 is meridional)) are calculated as follows:

S =S +350 if S >0
p m s m
(7.34)

S =S -350 if S <0
P m s m
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Figure 7.56 Structural response along the height at significant angles, comparison by using
experimental load data (blue lines) and proposed stochastic load model (red dots). Validation
of the model. Resonance not included; effect of the rings on the load not included.

7.3.2 Local effects in the vicinity of the stiffening rings

The stiffening rings were originally introduced in the design (Goldack, 2004;
Backstrom et al., 2008) in order to reduce ovalizations of the shell. A certain number
of rings, properly stiffened, can guarantee a beam-like behaviour at the first
eigenmode. As a result, the distribution of internal forces under the wind action is
improved and the peaks of tension at the windward side are reduced. By increasing the
stiffness and/or the number of rings, the circumferential distribution of meridional
forces changes from a cosines-like distribution (typical for shells) to a linear
distribution crossing zero at 90°, that is typical for beams (Lupi, 2009). With ten rings,
such a beam-like distribution is achieved in the cylindrical shell at middle height
(Figure 7.57, black curve). Ovalizations of the shell at the windward side in the upper
part of the tower are responsible for the negative values of n,, at stagnation and lateral

tension at the flanges, as it occurs for example at 850 m in the figure.
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Figure 7.57 Circumferential distribution of meridional stresses — mean response

Even though the stiffening rings guarantee a global beam-like behaviour, evaluation of
local effects in the vicinity of the ring beams requires the application of a shell-like

model. The magnitude of such local effects — due to ovalization of the cross-section,

271



Chapter 7. Load and response

especially because of the constraining effect of the rings — confirms what was stated in
section 2.4 by equation (2.50): a Solar Tower cannot be fully designed by using the

beam theory.

The design of the tower is governed by the stresses in the half of the shell which is
exposed to the wind. The meridians at stagnation and at 80° (maximum suction) have
the highest tension stresses. The stresses at stagnation are reported in the following
figures. The calculation is done by the covariance method (resonance not included).
The stochastic wind load model results from wind tunnel investigation; this is now

applied to the following design properties of the atmospheric boundary layer:

- terrain category II (zy = 0.05 m), Vy,(10m) = 25 m/s, latitude = 23°;
- mean wind profile: according to H&D model;
- turbulence intensity: according to the H&D model;

- integral length scale: according to Eurocode;

All these profiles are plotted in Figure 2.4, Figure 2.5, Figure 2.6.
The H&D model would suggest a much larger integral length scale. The approach of
the Eurocode is preferred in this calculation, but the designer should bear in mind that

a larger integral length scale would imply higher background response.

The following figures show that the structural effect of the rings on the response has
an extension in the shell of around 20 m both above and below each ring. In that
region both positive and negative peaks of n;;, m;; and my, arise, due to the

constraining effect to the ovalization of the shell exerted by the rings.

Another issue, which is not addressed in this work, but it should be investigated in
view of the design, is the correlation of peak effects. In particular, the design of the
shell reinforcement should result from combination of axial force and bending
moment. The highest limit, if their peaks are fully correlated, is their sum, while the
lowest limit in case of zero correlation is the square root of the sum of single square

values.
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Figure 7.58 Shell response in a design condition: meridional force ny; (fig. a) and bending
moment my; (fig. b) at 0° (resonance not inlcuded, effect of the rings on the load not included)
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Figure 7.59 Shell response in a design condition: circumferential force n;; (fig. a) and
bending moment my; (fig. b) at 0° (resonance not included, effect of the rings on the load not
included)
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7.3.3 Dynamic amplification

The dynamic amplification is calculated by using the software Ansys. Simultaneous
time histories measured in the wind tunnel along the circumference at z/H = 0.95;
0.85; 0.75; 0.65 are used for the purpose of this investigation. All the other loads are
then fully correlated with them. The result is on the safe side because the predominant
contribution is the bending mode, which does not present inversions of shape along the
height. However, the result can be only considered as a global effect on the structure.
A more sophisticated load condition should be considered in order to investigate
dynamic effects in the vicinity of the ring beams. This is, however, beyond the purpose
of this work.

The calculation includes mass and damping forces. The Rayleigh damping (D = oM +
BK) is calculated assuming modal damping ratios & equal to 0.01 (corresponding to a
logarithmic decrement 6 = 2n = 0.06) at n; = 0.17 Hz (beam bending mode) and nj; =
0.33 Hz (shell-like mode with two waves), according to the formula &; = o/2®; + Pw;/2,
where ®; = 27mn;. As in the beam calculation (section 7.2.1), the time factor for
transferring data from wind tunnel to full-scale is At = 488. The integration time step is
0.244 s, as in the beam calculation.

In order to evaluate the dynamic amplification, the results of the dynamic analysis
(including mass and damping forces) are compared with the results of a quasi-steady
calculation, i.e. a static calculation (not including mass and damping forces) at each
time step. The dynamic amplification is the ratio of peak responses, the one at the
nominator results from dynamic calculation, the one at the denominator results from
the quasi-steady calculation. The mean response is included in the definition of the
dynamic amplification. Moreover, only representative results are considered. In fact,
the interest of the designer is in the dynamic amplification of those parts of the tower
which are especially exposed to the wind action and thus govern the design. In
practice, the stagnation line plays the most important role. Since the tower thickness
varies along the height, it is important to be aware of the dynamic amplification all
along the height, although internal forces are smaller in the tip region. As shown by
Figure 7.60, the dynamic amplification is around 10% only at the base of the tower.
Along the height, it is much higher than what was expected according to Eurocode
calculations (Cd = 1.04 in Lupi, 2009). Further studies are then necessary. The result
does not depend significantly on the class of concrete which is selected for the
calculation.

These calculations are performed with C50/60 concrete (so that n; = 0.17 Hz). In fact,
the class could be even higher (C70/85) and in this case it would be n; = 0.18 Hz.
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However, as seen in a comparative calculation, this does not change significantly the

dynamic response.

Dynamic amplification on n22
(SRO: load modification due to the rings not included)
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Figure 7.60 Dynamic amplification at stagnation — WiSt results
(load modification due to the rings not inclueded)
7.3.4 The shell response under asymmetric wind load (10 ring beams)

The asymmetric response of the tower, due to the load modification induced by the
rings (SR1) is analyzed in this section, both in quasi-static and dynamic calculations.
The covariance method is applied to input data that describe the asymmetric load
condition, with inversion along the height, created by 10 ring beams (section 5.5). This
load condition corresponds to SR1. The response to the SR1 load condition (red lines
in the following graphs) is compared to the response in SRO (load modification due to
rings not included, blue lines in the graphs). In any case, the calculation is made on a
structure with ten rings (like in Figure 1.13). The flow condition (mean profile,
turbulence intensity, integral length scale) is the one in the WiSt tunnel, properly
scaled according to the prototype.

The most appreciable effect on the response, due to the load modification induced by
the ring beams, is on the meridional forces n,, (Table 7.15, Figure 7.63). In particular,
the increase in the peak meridional force (n,,) at the base is around 10%, comparable
to the increase in bending moment in the beam-like model (section 7.2.2).

As regards the circumferential stresses (ny;), they are high only close to the rings and
the highest ones are at the throat of the hyperboloid. The increase in stresses due to the
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load modification induced by the rings is less than 10% in the peak response and
somewhat higher in the standard deviations (Table 7.14, Figure 7.62).

The bending moments in both meridional and circumferential directions do not present
significant variations due to rings; they do not differ more than 5 kNm/m in the peak
response.

Numerical values are reported in the appendix (Table A.14, Table A.15, Table A.16).
In any case, these results represent the highest limit in case of ten big rings.
Intermediate situations are expected with smaller rings and/or at larger distance.
Moreover, the asymmetric load condition all along the height is the worst condition in
which the two asymmetric states are never mixed. In fact, the mixture of the two states
at low levels tends to weaken the asymmetry towards a mostly symmetric condition at

the base, as observed in Chapter 6.

Table 7.14 Effect of load modification due to 10 rings on the quasi-static response (ny;)
WiSt data; SRO = load modification due to the rings not included;
SR1 = load modification due to 10 rings included

ny,peak at 0° [KN/m] n;,m at 0° [KN/m] n;1,06 at 0° [KN/m]

z[m] | SRO SR1 |SR1/SR0| SRO SR1 |SR1/SRO| SRO SR1 |SR1/SR0

5 479 533 I.11 326 347 1.07 45 54 1.20

105 362 370 1.02 232 245 1.05 38 36 0.97

205 890 830 0.93 548 553 1.01 99 80 0.81

305 | 1672 | 1681 1.00 1078 | 1090 1.01 171 169 0.99

405 | 2144 | 2269 1.06 1472 | 1509 1.03 193 218 1.13

505 | 1841 1966 1.07 1324 | 1361 1.03 148 174 1.17

605 | 1737 | 1824 1.05 1292 | 1306 1.01 128 148 1.17

705 | 1945 | 2007 1.03 1472 | 1468 1.00 136 154 1.14

805 | 2039 | 2084 1.02 1553 1541 0.99 139 155 1.12

905 | 1965 | 2012 1.02 1490 | 1484 1.00 136 152 1.11

995 | 1090 | 1096 1.00 817 798 0.98 79 86 1.09

Table 7.15 Effect of load modification due to 10 rings on the quasi-static response (ny;)
WiSt data; SRO = load modification due to the rings not included;
SR1 = load modification due to 10 rings included

ny,peak at 0° [KN/m] ny,;m at 0° [kN/m] n,,,6 at 0° [KN/m]

z[m] | SRO SR1 |SR1/SRO| SRO SR1 |SR1/SR0O| SRO SR1 |SR1/SR0

5 4039 | 4442 1.10 2695 | 2863 1.06 385 451 1.17

105 | 3581 | 3973 1.11 2520 | 2709 1.08 304 362 1.19

205 | 3364 | 3683 1.09 2447 | 2637 1.08 262 299 1.14
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305 | 3440 | 3608 1.05 2519 | 2649 1.05 264 275 1.04

405 | 3100 | 3117 1.01 2278 | 2308 1.01 236 232 0.98

505 | 1893 1814 0.96 1376 | 1334 0.97 149 137 0.93

605 992 874 0.88 667 580 0.87 93 85 0.90

705 414 337 0.81 204 128 0.62 60 60 1.00

805 | -220 -260 1.18 -94 -113 1.20 36 42 1.17
905 | -280 =277 0.99 -197 -186 0.95 25 27 1.08
995 -43 -44 1.02 -30 -30 1.03 5 5 1.00

From the dynamic point of view, the calculation is repeated in SR1 as in section 7.3.3.
The main difference between SR1 and SRO is at level 650 m, where the bistable
asymmetric flow starts its disruption on the bubble side.

Dynamic amplification on n22
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Figure 7.61 Dynamic amplification at stagnation: SRO&SR 1— WiSt results

The presence of jumps in the time histories, which mark the transition from state 1 to
state 2 or viceversa, should not create severe dynamic problems to the structure. The
scale factor At = 488 is applied to the jump reported in Figure 5.10, so that two
seconds in the wind tunnel correspond to about 1000 s in full-scale. Figure 7.66 shows
that the jump basically occurs between the time steps “d” and “f”. It takes about 10 s,
i.e. about twice the natural period of the structure. Nevertheless, the effect of the jump
on the response should be further investigated in the future (see Chapter 8), because
even in a time period comparable to the natural period of the tower, the load might
undergo a steep change.
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Chapter 8. Conclusions and future outlooks

The dissertation studies the Aeolian risk scenario in the design of ultra-high structures
exposed to strong winds in the atmospheric boundary layer. Solar updraft towers

represent the main application and constitute the thread of the dissertation.

A deeper knowledge of the natural hazard - the wind action - at large heights and also
at small latitudes in the atmospheric boundary layer is addressed in Chapter 2. In the
design of ultra-high structures, the coupling between wind engineering and boundary
layer meteorology becomes stronger and it cannot benefit of experimental data, which
are scarce at large heights and even inexistent in strong wind conditions. Therefore,
Chapter 2 approaches the problem at first on theoretical bases, and then outlines the

possible experimental and numerical investigations which could support future studies.

Then, the aerodynamic study of the flow around circular cylinders is required for the
design of towers with circular cross-section. A large amount of literature has been
written on the topic and it is reviewed in Chapter 3. However, the flow around circular
cylinders is so sensitive to many either governing or influencing parameters (such as
Re, aspect ratio, free-end, characteristics of the boundary layer...), that a unified and

systematic investigation is currently not available to the designer.

In Chapter 4, the dissertation investigates the flow around a circular cylinder of finite
length through wind tunnel tests at WiSt laboratory (Ruhr-University Bochum). The
full understanding of such a reference case study is the basis to interpret the effect of

spanwise rings along the height of the tower.

The discovery and the physical interpretation of a new phenomenon around circular
cylinders, induced by stiffening rings along the height, is the original contribution of
this research. The phenomenon is described in Chapter 5 on the basis of WiSt wind
tunnel results. An asymmetric and bistable flow condition establishes around a
symmetric structure like a circular cylinder and it does not disappear at moderately
high Reynolds numbers, far beyond the Re,,.

The debate between literature and novelty, between similar effects in completely
different physical contexts, encouraged the deep investigation of this asymmetric and

bistable flow condition. Similar cases of bistable flows are also described in literature.
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They are well-known for example on isolated cylinders in the critical range of the
Reynolds number, as well as on side-by-side cylinders. But despite the similarities, the
physical reasons appeared to be profoundly different. This immediately resulted from
the analysis of the conditions of occurrence. The Reynolds numbers at which this new
bistable phenomenon occurs are not limited to a small range around Re,.. The effect
can also be considered as a sort of interaction phenomenon. However, the interaction
is not between wide and narrow wakes, like in the case of side-by-side cylinders, but
between the wake in different spanwise compartments along the height. In fact, the
peculiar characteristic of the cylinder, which is responsible for the occurrence of the
phenomenon, is the presence of spanwise rings at a certain distance along the height of
the tower. The contribution of the flow over the tip seems to play a key role, so that the
phenomenon is a cascade effect, alternated in different compartments, towards the

base of the tower.

In order to confirm and provide experimental evidence of the same asymmetric
bistable flow condition even in a different wind tunnel, the experiments are repeated
on the same model at CRIACIV wind tunnel at University of Florence and
documented in Chapter 6. It is confirmed that the phenomenon does not depend on
some local conditions or disturbances of a certain laboratory, but it is induced by the
ring beams. It is also confirmed that in the moderately high range of Re which was
investigated on the rough cylinder (up to Re = 3*10°), the effect does not disappear. So
far, no reason has been identified, which may suggest the disappearance of the
phenomenon at higher Reynolds numbers, e.g. in full-scale conditions.

A further proof is provided by numerical simulations (Chapter 6). They have been
performed on the basis of CRIACIV experiments by the TEE group, in the Industrial
Energy Department at the University of Florence. The CFD simulation reproduces the
experimental conditions but it benefits of two additional important aspects: ideal
conditions and higher Reynolds numbers (in the order of 107, obtained by reduction of

air viscosity). Even in this case, the asymmetric bistable phenomenon appears.

Therefore, the thesis can state that under peculiar conditions (the presence of spanwise
rings along a circular cylinder of finite length), an asymmetric flow tends to stabilize
around a symmetric structure. Random jumps occur in the time histories and reverse
the situation. The wind tunnel experiments confirmed that the phenomenon belongs to
one of those paradoxical cases where the symmetric flow structure appears to be

intrinsically unstable and hence impossible. This was cited by Zdravkovich (2003)
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concerning side-by-side cylinders, but the concept seems to be perfectly fitting also to

the case of an isolated cylinder with spanwise rings.

Furthermore, this type of asymmetric flow is not only an interesting fluid dynamic
phenomenon. In fact, the presence of rings along the height of the tower, which are
responsible for creating the effect, has an important structural function. In many pre-
designs of the solar tower, stiffening rings were introduced in order to reduce the
structural vulnerability to the wind action. They enhance a beam-like behaviour and
reduce the peaks of tension at the windward side. They also increase the buckling
stiffness. The stiffening rings were then considered, for the solar tower, a strategy to
mitigate the structural risk. However, the effect of the rings on the load had never been
investigated before, so it was not expected that the improvement in the structural
behaviour might also be responsible for an even more severe load condition. This
increases the structural damage. For this reason, the effect of the fluid dynamic
phenomenon had to be quantified in terms of structural response. Fortunately, the
increase in internal forces did not result to be dramatic (in the order of 10-15%), but
the designer should be aware that reduction of structural vulnerability, by adding
stiffening rings, can become a double-edge sword. Because of that, further design
conditions (with a different number and/or size of rings), as well as mitigation
strategies are also investigated in this work. It resulted that the asymmetric bistable
flow tends to disappear as the rings become smaller and/or at larger distance.

Moreover, the presence of efflux inside the chimney is a natural rescue.

A further contribution of the research is the development of a stochastic load model to
be used in quasi-static calculations of the tower in any atmospheric boundary layer
flow. It could be developed thanks to the comparative studies between WiSt and
CRIACIV results, which allowed to investigate the dependency of wind forces and
pressures on the characteristics of the atmospheric boundary layer. This tool allows the
designer to evaluate the structural damage even in the vicinity of the stiffening rings,

where the shell-like behaviour predominates and no load model was available before.

The dissertation suggested many interesting aspects and new ideas, which would
deserve further investigation in the future.

The asymmetric and bistable flow discovered in this work was completely unknown,
so there are many issues which should be further addressed. The results suggested that

the bistable asymmetric flow is a three-dimensional phenomenon, related to the flow
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structures which develop around the free-end. This explains also the disruption along
the height. In view of that, experiments in two dimensional conditions are
recommended as a further proof. Moreover, it would also be important to test the
influence of the aspect ratio of the cylinder. In any case, even if the phenomenon is
related to the free-end condition, it is not the top ring alone which initiates the effect.
In fact, in the case, for example, of five rings (instead of ten) the top ring is still there
but the phenomenon disappears. This suggests to study the distribution of rings in the
tip region more in detail. The thesis proved, by experiments, that equally distributed
rings at sufficiently large distance mitigate the effect. However, the designer might
need rings at smaller distance. Because of that, an important result would be to know
whether it is sufficient, in order to mitigate the phenomenon, to outdistance the rings
only in the tip region, as supposed in Chapters 5 and 6 on the basis of these results.
The CFD simulations presented in Chapter 6 are just at their first stage. The time
window of the URANS is presently too short to be representative. More periods should
be investigated. If it is the case, a large eddy simulation could allow to better
investigate the bistability of the flow, being the bistability a stochastic effect.

Wind tunnel tests at higher Reynolds numbers on a smooth cylinder in three
dimensional conditions would represent a decisive result to confirm what has been
stated in this dissertation by using the concept of effective Reynolds number.
Moreover, the three dimensional correlation field should be investigated more
extensively in the wind tunnel. This would allow to refine results in Chapter 7. A
future aim of the research is to develop a simpler wind load model, e.g. an equivalent
static wind load, which could be easily used to evaluate local effects. The approach
could be the same as for cooling towers, by using the load response correlation method
(Niemann, 1998).

The dynamic response of the solar tower should be further investigated, too. In the
case of rings, a dynamic effect could rise within the jump. In this regard, it would be
important to characterize the bistable pressure field and model bistable time histories.

Moreover, the non-linear behaviour should be included in the analyses.
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Chapter 10. Appendix

10.1 Modelling of wind load (Chapter 7)

Table A.1 Load data: body-induced pressure fluctuations - variance (SRO, effect of the rings
on the load not included)

Cp,o5” = body-induced pressure fluctuations

0 20 40 60 80 100 120 140 160 180
0.95 0 0 0 1.04E-05 | 0.0023097 | 0.0136799 | 0.0198095 | 0.0102689 | 0.0184776 | 0.0273402
0.85 0 0 5.006E-05 | 0.00103 | 0.0074486 | 0.0411091 | 0.0128124 | 0.014862 | 0.0199033 | 0.0155416
0.75 0 0 0 0.000128 | 0.0070256 | 0.0211319 | 0.0041208 | 0.0030748 | 0.0037577 | 0.0034584
0.65 0 0 0 0 0.0014349 | 0.0192708 | 0.0023672 | 0.0017146 | 0.0019685 | 0.0020286
0.55 0 0 0 0 0 0 0.0005087 | 0.0002179 | 0.0009585 | 0.0010654
045 0 0 0 0 0 0 0.0001991 0 0.0004456 | 0.000387
0.35 0 0 0 0 0 0 0.0007821 0 5.383E-05 | 0.0002192
0.25 | 0.0099196 | 0.0097788 0 0 0.0072963 0 0 0 0 0.0006125
0.15 | 0.0373687 | 0.0325377 | 0.0093249 | 0.016141 | 0.0453442 0 0.0143486 | 0.0123303 | 0.012928 | 0.0100694
0.05 0 0 0 0 0.0669672 0 0.0596038 | 0.0943915 | 0.1293659 | 0.0646646

Table A.2 Load data: horizontal correlations tip region 1 (SRO, effect of the rings on the load
not included)

TIP REGION N.1

0 20 40 60 80 100 | 120 | 140 | 160 | 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360

0 1.00 [ 0.73 | 0.10 | -0.40 | -0.54 | -0.43 | -0.27 | -0.28 | -0.23 | -0.19 | -0.23 | -0.28 | -0.27 | -0.43 | -0.54 | -0.40 | 0.10 | 0.73 | 1.00

20 0.73 | 1.00 | 0.64 | 0.02 | -0.36 | -0.40 | -0.26 | -0.22 | -0.18 | -0.14 | -0.15 | -0.21 | -0.13 | -0.24 | -0.42 | -0.53 | -0.31 | 0.23 | 0.73

40 0.10 | 0.64 | 1.00 [ 0.69 | 0.19 | -0.05 | -0.06 | 0.02 | 0.03 | 0.06 | 0.08 [ 0.03 [ 0.16 | 0.19 | 0.02 | -0.31 | -0.49 | -0.31 | 0.10

60 |-040 | 0.02 [ 0.69 | 1.00 | 0.77 | 043 | 0.24 | 0.30 [ 0.29 | 0.26 | 032 | 0.28 | 0.40 | 0.57 | 0.50 | 0.13 | -0.31 | -0.53 | -0.40

80 | -0.54(-036 (019 | 077 | 1.00 | 0.79 | 046 | 045 | 043 | 033 | 0.40 | 0.37 | 0.42 | 0.68 | 0.75 | 0.50 | 0.02 | -0.42 | -0.54

100 | -0.43 | -0.40 | -0.05 | 0.43 | 0.79 | 1.00 | 0.69 | 047 | 040 | 0.26 | 0.29 | 0.26 | 0.27 | 0.55 [ 0.68 [ 0.57 | 0.19 | -0.24 | -0.43

120 | -0.27 | -0.26 | -0.06 | 0.24 | 0.46 | 0.69 | 1.00 | 0.62 | 035 | 0.26 | 0.15 | 0.12 | 0.07 | 0.27 | 0.42 | 0.40 | 0.16 | -0.13 | -0.27

140 | -0.28 | -0.22 | 0.02 | 0.30 | 0.45 | 0.47 | 0.62 | 1.00 | 0.52 | 0.36 | 0.23 | 0.21 | 0.12 | 0.26 | 0.37 | 0.28 | 0.03 | -0.21 | -0.28

160 | -0.23 [ -0.18 [ 0.03 | 0.29 | 043 | 040 | 0.35 | 0.52 | 1.00 | 0.39 | 031 | 0.23 | 0.15 | 0.29 | 0.40 | 0.32 | 0.08 | -0.15 | -0.23

180 | -0.19 | -0.14 | 0.06 | 0.26 | 0.33 | 0.26 | 0.26 | 0.36 | 0.39 | 1.00 | 0.39 | 0.36 | 0.26 | 0.26 [ 0.33 | 0.26 | 0.06 | -0.14 | -0.19

200 |-0.23 | -0.15| 0.08 | 0.32 | 040 | 029 | 0.15 | 0.23 | 0.31 | 0.39 | 1.00 | 0.52 | 0.35 | 0.40 | 043 | 0.29 | 0.03 | -0.18 | -0.23

220 |-0.28 | -0.21 | 0.03 | 0.28 | 0.37 | 0.26 | 0.12 | 0.21 | 0.23 | 0.36 | 0.52 | 1.00 | 0.62 | 0.47 | 0.45 | 0.30 | 0.02 | -0.22 | -0.28

240 |-0.27 | -0.13 | 0.16 | 0.40 | 042 | 0.27 | 0.07 | 0.12 | 0.15 | 0.26 | 0.35 | 0.62 | 1.00 | 0.69 | 0.46 | 0.24 | -0.06 | -0.26 | -0.27

260 |-043|-024 | 0.19 | 0.57 | 0.68 | 0.55 | 0.27 | 0.26 | 0.29 | 0.26 | 0.40 | 0.47 | 0.69 | 1.00 | 0.79 | 0.43 | -0.05 | -0.40 | -0.43

280 | -0.54 | -042 | 0.02 | 0.50 | 0.75 | 0.68 | 0.42 | 0.37 | 0.40 | 033 | 0.43 | 045 | 046 | 0.79 | 1.00 | 0.77 | 0.19 | -0.36 | -0.54

300 |-0.40 | -0.53 | -0.31 | 0.13 | 0.50 | 0.57 | 0.40 | 0.28 | 0.32 | 0.26 | 0.29 | 0.30 | 0.24 | 043 | 0.77 | 1.00 | 0.69 | 0.02 | -0.40
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320 | 0.10 | -0.31 | -0.49 | -0.31 | 0.02 | 0.19 | 0.16 [ 0.03 | 0.08 | 0.06 | 0.03 | 0.02 | -0.06 | -0.05 | 0.19 | 0.69 | 1.00 | 0.64 | 0.10
340 | 0.73 | 0.23 | -0.31 | -0.53 | -0.42 | -0.24 | -0.13 | -0.21 | -0.15 | -0.14 | -0.18 | -0.22 | -0.26 | -0.40 | -0.36 | 0.02 | 0.64 | 1.00 | 0.73
360 | 1.00 | 0.73 | 0.10 | -0.40 | -0.54 | -0.43 | -0.27 | -0.28 | -0.23 | -0.19 | -0.23 | -0.28 | -0.27 | -0.43 | -0.54 | -0.40 | 0.10 | 0.73 | 1.00

Table A.3 Load data: horizontal correlations tip region 2 (SRO, effect of the rings on the load
not included)

TIP REGION N.2

0 20 40 60 80 100 120 140 160 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360

0 1.00 | 0.69 | -0.05 | -0.55 | -0.65 | -0.38 | -0.18 | -0.27 | -0.21 | -0.15 | -0.21 | -0.27 | -0.18 | -0.38 | -0.65 | -0.55 | -0.05 | 0.69 | 1.00

20 0.69 | 1.00 | 0.61 |-0.02 | -0.39 | -0.36 | -0.14 | -0.17 | -0.15 | -0.10 | -0.12 | -0.19 | -0.08 | -0.18 | -0.52 | -0.70 | -0.55 | 0.07 | 0.69
40 |-0.05 | 0.61 | 1.00 | 0.73 | 0.29 | -0.02 | 0.06 | 0.14 | 0.07 | 0.06 | O.11 | 0.08 | 0.13 | 0.21 | -0.01 | -0.37 | -0.67 | -0.55 | -0.05
60 | -0.55(-0.02 (073 | 1.00 | 0.82 | 0.41 | 0.30 | 0.38 | 0.28 | 0.18 [ 0.29 | 031 | 0.26 | 0.44 | 0.44 | 0.11 | -0.37 | -0.70 | -0.55
80 | -0.65(-039 | 029 | 0.82 | 1.00 | 0.78 | 0.54 [ 0.50 [ 0.40 | 0.21 | 0.34 | 0.39 | 0.24 | 045 | 0.63 | 0.44 | -0.01 | -0.52 | -0.65
100 | -0.38 | -0.36 | -0.02 | 0.41 | 0.78 | 1.00 | 0.79 | 046 | 041 | 0.13 | 0.21 | 0.23 | 0.04 | 0.18 [ 0.45 | 0.44 | 0.21 | -0.18 | -0.38
120 | -0.18 | -0.14 | 0.06 | 0.30 | 0.54 | 0.79 | 1.00 | 0.56 | 0.37 | 0.11 | 0.11 | 0.12 | -0.04 | 0.04 | 0.24 | 0.26 | 0.13 | -0.08 | -0.18
140 | -0.27 | -0.17 | 0.14 | 0.38 | 0.50 | 0.46 | 0.56 | 1.00 | 048 | 0.14 | 0.19 | 0.21 | 0.12 | 0.23 | 0.39 | 0.31 | 0.08 | -0.19 | -0.27
160 | -0.21 [ -0.15 | 0.07 | 0.28 | 0.40 | 0.41 | 0.37 | 048 | 1.00 [ 0.05 [ 0.18 [ 0.19 | 0.11 | 0.21 | 0.34 | 0.29 | 0.11 | -0.12 | -0.21
180 | -0.15 | -0.10 | 0.06 | 0.18 | 0.21 | 0.13 | 0.11 | 0.14 | 0.05 | 1.00 | 0.05 | 0.14 | O.11 | 0.13 | 0.21 | 0.18 | 0.06 | -0.10 | -0.15
200 |-0.21 | -0.12 | 0.11 | 0.29 | 0.34 | 0.21 | 0.11 | 0.19 | 0.18 | 0.05 | 1.00 | 0.48 | 0.37 | 0.41 | 0.40 | 0.28 | 0.07 | -0.15 | -0.21
220 |-0.27 | -0.19 | 0.08 | 0.31 | 0.39 | 0.23 | 0.12 | 0.21 | 0.19 | 0.14 | 0.48 | 1.00 | 0.56 | 0.46 | 0.50 | 0.38 | 0.14 | -0.17 | -0.27
240 | -0.18 | -0.08 | 0.13 | 0.26 | 0.24 | 0.04 | -0.04 | 0.12 | 0.11 | 0.11 | 0.37 | 0.56 | 1.00 | 0.79 | 0.54 | 0.30 | 0.06 | -0.14 | -0.18
260 |-0.38 | -0.18 | 0.21 | 044 | 045 | 0.18 | 0.04 | 0.23 | 021 | 0.13 | 0.41 | 0.46 | 0.79 | 1.00 | 0.78 | 0.41 | -0.02 | -0.36 | -0.38
280 | -0.65 | -0.52 | -0.01 | 0.44 | 0.63 | 045 | 0.24 | 0.39 | 0.34 | 0.21 | 0.40 | 0.50 | 0.54 | 0.78 | 1.00 | 0.82 | 0.29 | -0.39 | -0.65
300 |-0.55|-0.70 | -0.37 | 0.11 | 0.44 | 044 | 0.26 | 0.31 | 029 | 0.18 | 0.28 | 0.38 | 0.30 | 0.41 | 0.82 | 1.00 | 0.73 | -0.02 | -0.55
320 | -0.05 | -0.55 | -0.67 | -0.37 | -0.01 | 0.21 | 0.13 | 0.08 | 0.11 | 0.06 | 0.07 | 0.14 | 0.06 | -0.02 | 0.29 | 0.73 | 1.00 | 0.61 | -0.05
340 | 0.69 | 0.07 | -0.55 | -0.70 | -0.52 | -0.18 | -0.08 | -0.19 | -0.12 | -0.10 | -0.15 | -0.17 | -0.14 | -0.36 | -0.39 | -0.02 | 0.61 | 1.00 | 0.69
360 | 1.00 | 0.69 | -0.05 | -0.55 | -0.65 | -0.38 | -0.18 | -0.27 | -0.21 | -0.15 | -0.21 | -0.27 | -0.18 | -0.38 | -0.65 | -0.55 | -0.05 | 0.69 | 1.00

Table A.4 Load data: horizontal correlations tip region 3 (SRO, effect of the rings on the load
not included)

TIP REGION N.3

0 20 40 60 80 100 120 140 160 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360

0 1.00 | 0.67 | -0.09 | -0.56 | -0.61 | -0.21 | -0.19 | -0.20 | -0.19 | -0.17 | -0.19 | -0.20 | -0.19 | -0.21 | -0.61 | -0.56 | -0.09 | 0.67 | 1.00
20 0.67 | 1.00 | 0.65 | 0.06 | -0.32 | -0.22 | -0.04 | -0.04 | -0.08 | -0.10 | -0.16 | -0.19 | -0.18 | 0.03 | -0.47 | -0.70 | -0.63 | -0.08 | 0.67
40 |-0.09 | 0.65 | 1.00 | 0.76 | 0.32 | -0.04 | 0.31 | 0.30 | 0.25 | 0.12 | 0.05 | -0.02 | 0.00 | 0.25 [ 0.04 | -0.35 | -0.69 | -0.63 | -0.09
60 | -0.56 | 006 [ 076 | 1.00 | 0.82 | 0.32 | 0.52 | 049 | 0.44 | 0.29 | 0.21 | 0.15 | 0.16 | 0.30 | 0.42 | 0.14 | -0.35 | -0.70 | -0.56
80 |-0.61 [-0.32 | 0.32 | 0.82 | 1.00 | 0.71 | 0.65 | 0.57 | 0.54 | 0.35 | 0.23 | 0.19 | 0.15 | 0.20 | 0.52 | 0.42 | 0.04 | -0.47 | -0.61
100 | -0.21 | -0.22 | -0.04 | 0.32 | 0.71 | 1.00 | 0.71 | 047 | 0.52 | 0.22 | 0.03 | 0.02 | -0.10 [ -0.28 [ 0.20 [ 0.30 | 0.25 | 0.03 | -0.21
120 | -0.19 | -0.04 | 0.31 | 0.52 | 0.65 | 0.71 | 1.00 | 0.75 | 0.67 | 0.36 [ 0.01 | 0.01 | -0.06 | -0.10 | 0.15 | 0.16 | 0.00 | -0.18 | -0.19
140 | -0.20 [ -0.04 [ 0.30 | 0.49 | 0.57 | 047 | 0.75 | 1.00 | 0.74 | 0.39 | 0.08 [ 0.08 | 0.01 | 0.02 | 0.19 | 0.15 | -0.02 | -0.19 | -0.20
160 | -0.19 | -0.08 | 0.25 | 0.44 | 0.54 | 0.52 | 0.67 | 0.74 | 1.00 | 0.45 | 0.09 | 0.08 | 0.01 | 0.03 [ 0.23 [ 0.21 | 0.05 | -0.16 | -0.19
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180 | -0.17 | -0.10 | 0.12 | 0.29 | 035 | 0.22 | 0.36 | 0.39 | 045 | 1.00 | 045 | 0.39 | 0.36 | 022 [ 0.35 [ 0.29 | 0.12 | -0.10 | -0.17
200 |-0.19 | -0.16 | 0.05 | 0.21 | 0.23 | 0.03 | 0.01 [ 0.08 | 0.09 | 0.45 | 1.00 | 0.74 | 0.67 | 0.52 | 0.54 | 0.44 | 0.25 | -0.08 | -0.19
220 |-0.20 | -0.19 | -0.02 | 0.15 | 0.19 | 0.02 | 0.01 | 0.08 | 0.08 | 0.39 | 0.74 | 1.00 | 0.75 | 047 | 0.57 | 0.49 | 0.30 | -0.04 | -0.20
240 | -0.19 | -0.18 | 0.00 | 0.16 | 0.15 | -0.10 | -0.06 | 0.01 | 0.01 | 0.36 | 0.67 | 0.75 | 1.00 | 0.71 | 0.65 | 0.52 | 0.31 | -0.04 | -0.19
260 |-0.21 | 0.03 | 0.25 | 0.30 | 0.20 | -0.28 | -0.10 | 0.02 | 0.03 | 0.22 | 0.52 | 047 | 0.71 | 1.00 | 0.71 | 0.32 | -0.04 | -0.22 | -0.21
280 | -0.61 | -047 | 0.04 | 042 | 052 | 020 | 0.15 | 0.19 | 023 | 035 | 0.54 | 0.57 | 0.65 | 0.71 | 1.00 | 0.82 | 0.32 | -0.32 | -0.61
300 |-0.56 | -0.70 | -0.35 | 0.14 | 042 | 030 | 0.16 | 0.15 | 0.21 | 0.29 | 0.44 | 049 | 0.52 | 0.32 | 0.82 | 1.00 | 0.76 | 0.06 | -0.56
320 |-0.09 | -0.63 | -0.69 | -0.35 | 0.04 | 0.25 | 0.00 | -0.02 | 0.05 | 0.12 | 0.25 | 0.30 | 0.31 | -0.04 | 0.32 | 0.76 | 1.00 | 0.65 | -0.09
340 | 0.67 | -0.08 | -0.63 | -0.70 | -0.47 | 0.03 | -0.18 [ -0.19 | -0.16 | -0.10 | -0.08 | -0.04 | -0.04 | -0.22 | -0.32 | 0.06 | 0.65 | 1.00 | 0.67
360 | 1.00 | 0.67 | -0.09 | -0.56 | -0.61 | -0.21 | -0.19 | -0.20 | -0.19 | -0.17 | -0.19 | -0.20 | -0.19 | -0.21 | -0.61 | -0.56 | -0.09 | 0.67 | 1.00

Table A.5 Load data: horizontal correlations tip region 4 (SRO, effect

not included)

of the rings on the load

TIP REGION N.4

0 20 40 60 80 100 120 140 160 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360

0 1.00 | 0.66 | -0.07 | -0.55 | -0.51 | 0.00 | -0.14 | -0.16 | -0.15 | -0.15 | -0.15 | -0.16 | -0.14 | 0.00 | -0.51 | -0.55 | -0.07 | 0.66 | 1.00
20 0.66 | 1.00 [ 0.65 | 0.03 | -0.35 | -0.19 | -0.01 | 0.00 | -0.02 | -0.05 | -0.10 | -0.12 | -0.09 | 0.23 | -0.29 | -0.68 | -0.62 | -0.05 | 0.66
40 |-0.07 | 0.65 | 1.00 | 0.73 | 0.17 | -0.18 | 0.25 | 0.28 | 0.25 | 0.18 | 0.11 | 0.09 | 0.10 | 0.36 | 0.18 | -0.31 | -0.68 | -0.62 | -0.07
60 |-0.55| 003 [ 073 | 1.00 | 0.70 | 0.07 | 047 | 0.51 | 0.48 | 0.40 [ 030 | 0.28 | 0.26 | 0.29 | 0.51 | 0.20 | -0.31 | -0.68 | -0.55
80 | -0.51 [-0.35 | 0.17 | 0.70 | 1.00 | 0.60 | 0.62 | 0.61 [ 0.60 | 0.48 | 0.34 | 0.31 | 0.25 | 0.01 | 0.47 | 0.51 | 0.18 | -0.29 | -0.51
100 | 0.00 | -0.19 | -0.18 | 0.07 | 0.60 | 1.00 | 0.48 | 0.40 | 0.40 | 0.29 | 0.14 | 0.10 | 0.04 | -0.22 | 0.01 [ 0.29 | 0.36 | 0.23 | 0.00
120 | -0.14 | -0.01 | 0.25 | 047 | 0.62 | 0.48 | 1.00 | 0.71 | 0.63 | 0.49 | 032 | 0.27 | 0.23 | 0.04 | 0.25 | 0.26 | 0.10 | -0.09 | -0.14
140 | -0.16 | 0.00 | 0.28 | 0.51 | 0.61 | 0.40 | 0.71 | 1.00 | 0.76 | 0.55 | 0.38 | 0.32 | 0.27 | 0.10 | 0.31 | 0.28 | 0.09 | -0.12 | -0.16
160 | -0.15 [ -0.02 | 0.25 | 0.48 | 0.60 | 0.40 | 0.63 | 0.76 | 1.00 | 0.68 [ 0.46 | 0.38 | 0.32 | 0.14 | 0.34 | 0.30 | 0.11 | -0.10 | -0.15
180 | -0.15 | -0.05 | 0.18 | 0.40 [ 0.48 | 0.29 | 0.49 | 0.55 | 0.68 | 1.00 | 0.68 | 0.55 | 049 [ 029 | 0.48 | 0.40 | 0.18 | -0.05 | -0.15
200 | -0.15 | -0.10 | 0.11 | 0.30 | 0.34 | 0.14 | 0.32 | 0.38 | 0.46 | 0.68 | 1.00 | 0.76 | 0.63 | 0.40 | 0.60 | 0.48 | 0.25 | -0.02 | -0.15
220 |-0.16 | -0.12 | 0.09 | 0.28 | 0.31 | 0.10 | 0.27 | 0.32 | 0.38 | 0.55 | 0.76 | 1.00 | 0.71 | 0.40 | 0.61 | 0.51 | 0.28 | 0.00 | -0.16
240 | -0.14 | -0.09 | 0.10 | 0.26 | 0.25 | 0.04 | 0.23 | 0.27 | 0.32 | 049 | 0.63 | 0.71 | 1.00 | 048 | 0.62 | 047 | 0.25 | -0.01 | -0.14
260 | 0.00 | 023 | 0.36 | 0.29 | 0.01 | -0.22 | 0.04 | 0.10 | 0.14 | 0.29 | 0.40 | 0.40 | 0.48 | 1.00 | 0.60 | 0.07 | -0.18 | -0.19 | 0.00
280 | -0.51 |-029 | 0.18 | 0.51 | 047 | 0.01 | 0.25 | 0.31 | 0.34 | 0.48 | 0.60 | 0.61 | 0.62 | 0.60 | 1.00 | 0.70 | 0.17 | -0.35 | -0.51
300 | -0.55|-0.68 | -0.31 | 0.20 | 0.51 | 0.29 | 0.26 | 0.28 | 0.30 | 0.40 | 0.48 | 0.51 | 0.47 | 0.07 | 0.70 | 1.00 | 0.73 | 0.03 | -0.55
320 | -0.07 | -0.62 | -0.68 | -0.31 | 0.18 | 0.36 | 0.10 [ 0.09 | 0.11 | 0.18 | 0.25 | 0.28 | 0.25 | -0.18 | 0.17 | 0.73 | 1.00 | 0.65 | -0.07
340 | 0.66 | -0.05 | -0.62 | -0.68 | -0.29 | 0.23 | -0.09 | -0.12 | -0.10 | -0.05 | -0.02 | 0.00 | -0.01 | -0.19 | -0.35 | 0.03 | 0.65 | 1.00 | 0.66
360 | 1.00 | 0.66 | -0.07 | -0.55 | -0.51 | 0.00 | -0.14 | -0.16 | -0.15 | -0.15 | -0.15 | -0.16 | -0.14 | 0.00 | -0.51 | -0.55 | -0.07 | 0.66 | 1.00

Table A.6 Load data:

horizontal correlations normal region (SRO, effect of the rings on the

load not included)

NORMAL REGION
0 20 40 60 80 100 120 140 160 180 | 200 | 220 | 240 | 260 | 280 | 300 | 320 | 340 | 360
0 1.00 | 0.70 | -0.06 | -0.59 | -0.54 | 0.07 | -0.14 | -0.17 | -0.18 | -0.17 | -0.18 | -0.17 | -0.14 | 0.07 | -0.54 | -0.59 | -0.06 | 0.70 | 1.00
20 0.70 | 1.00 | 0.64 | -0.03 | -0.44 | -0.16 | -0.01 | -0.02 | -0.04 | -0.07 | -0.11 | -0.13 | -0.09 | 0.27 | -0.29 | -0.70 | -0.60 | -0.02 | 0.70
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40 -0.06 | 0.64 | 1.00 | 0.71 | 0.12 | -0.19 | 0.27 | 029 | 0.29 | 0.23 | 0.15 | 0.11 | 0.12 | 0.37 | 0.24 | -0.30 | -0.68 | -0.60 | -0.06
60 -0.59 | -0.03 | 0.71 1.00 | 0.69 | 0.06 | 0.50 | 0.54 | 0.56 | 048 | 0.36 | 0.30 | 0.28 | 0.24 | 0.54 | 0.26 | -0.30 | -0.70 | -0.59
80 -0.54 | -044 | 0.12 | 0.69 | 1.00 | 0.61 | 0.66 | 0.65 | 0.67 | 0.54 | 0.36 [ 0.29 | 0.23 | -0.14 | 0.38 | 0.54 | 0.24 | -0.29 | -0.54
100 | 0.07 | -0.16 | -0.19 | 0.06 | 0.61 1.00 | 0.54 | 0.44 | 045 | 032 | 0.14 | 0.07 | 0.03 | -0.30 | -0.14 | 0.24 | 0.37 | 0.27 | 0.07
120 | -0.14 | -0.01 | 0.27 | 0.50 | 0.66 | 0.54 | 1.00 [ 0.75 | 0.70 | 0.58 | 0.38 | 0.28 | 0.25 | 0.03 | 0.23 | 0.28 | 0.12 | -0.09 | -0.14
140 | -0.17 [ -0.02 [ 0.29 | 0.54 | 0.65 | 0.44 | 0.75 | 1.00 | 0.83 | 0.64 | 044 | 0.33 | 0.28 | 0.07 | 0.29 | 0.30 | O0.11 | -0.13 | -0.17
160 | -0.18 | -0.04 | 0.29 | 0.56 | 0.67 | 0.45 | 0.70 | 0.83 | 1.00 | 0.79 | 0.56 | 0.44 | 0.38 | 0.14 | 0.36 | 0.36 | 0.15 | -0.11 | -0.18
180 | -0.17 [ -0.07 | 0.23 | 0.48 | 0.54 | 0.32 | 0.58 | 0.64 | 0.79 | 1.00 | 0.79 | 0.64 | 0.58 | 0.32 | 0.54 | 0.48 | 0.23 | -0.07 | -0.17
200 | -0.18 | -0.11 | 0.15 | 0.36 | 0.36 | 0.14 | 0.38 | 0.44 | 0.56 | 0.79 | 1.00 [ 0.83 | 0.70 | 045 | 0.67 | 0.56 | 0.29 | -0.04 | -0.18
220 | -0.17 | -0.13 | 0.11 | 0.30 | 0.29 | 0.07 | 0.28 | 0.33 | 0.44 | 0.64 | 0.83 [ 1.00 [ 0.75 | 0.44 | 0.65 | 0.54 | 0.29 | -0.02 | -0.17
240 | -0.14 | -0.09 | 0.12 | 0.28 | 0.23 | 0.03 | 0.25 | 0.28 | 0.38 | 0.58 | 0.70 [ 0.75 | 1.00 | 0.54 | 0.66 | 0.50 | 0.27 | -0.01 | -0.14
260 | 0.07 | 027 | 0.37 | 0.24 | -0.14 | -0.30 | 0.03 | 0.07 | 0.14 | 0.32 [ 045 | 044 | 0.54 | 1.00 | 0.61 | 0.06 | -0.19 | -0.16 | 0.07
280 | -0.54 | -0.29 | 0.24 | 0.54 | 0.38 | -0.14 | 0.23 | 0.29 | 0.36 | 0.54 | 0.67 | 0.65 | 0.66 | 0.61 1.00 | 0.69 | 0.12 | -0.44 | -0.54
300 | -0.59 | -0.70 | -0.30 | 0.26 | 0.54 | 0.24 | 0.28 | 0.30 | 0.36 | 0.48 | 0.56 [ 0.54 | 0.50 | 0.06 | 0.69 | 1.00 | 0.71 | -0.03 | -0.59
320 | -0.06 | -0.60 | -0.68 | -0.30 | 0.24 | 0.37 | 0.12 | 0.11 | 0.15 | 0.23 | 0.29 | 0.29 | 0.27 | -0.19 | 0.12 | 0.71 1.00 | 0.64 | -0.06
340 | 0.70 | -0.02 | -0.60 | -0.70 | -0.29 | 0.27 | -0.09 | -0.13 | -0.11 | -0.07 | -0.04 | -0.02 | -0.01 | -0.16 | -0.44 | -0.03 | 0.64 | 1.00 [ 0.70
360 1.00 [ 0.70 | -0.06 | -0.59 | -0.54 | 0.07 | -0.14 | -0.17 | -0.18 | -0.17 | -0.18 | -0.17 | -0.14 | 0.07 | -0.54 [ -0.59 | -0.06 | 0.70 | 1.00
Table A.7 Load data: horizontal correlations bottom region (SRO, effect of the rings on the
load not included)
BOTTOM REGION

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

0 1.00 | 0.71 | -0.14 | -0.66 | -0.73 | 0.02 | -0.25 | -0.31 | -0.32 | -0.33 | -0.32 | -0.31 | -0.25 | 0.02 [ -0.73 | -0.66 | -0.14 | 0.71 1.00
20 0.71 1.00 | 0.66 | -0.14 | -0.51 | -0.44 | -0.16 | -0.15 | -0.16 | -0.19 | -0.21 | -0.21 | -0.15 | 0.24 | -0.48 | -0.75 | -0.67 | 0.08 | 0.71
40 -0.14 | 0.66 | 1.00 | 0.73 | 0.24 | -0.29 | 0.27 | 031 | 0.29 | 0.26 | 0.20 | 0.18 | 0.24 | 0.51 | 0.33 | -0.27 | -0.68 | -0.67 | -0.14
60 -0.66 | -0.14 | 0.73 | 1.00 | 0.81 | 0.23 | 0.56 | 0.59 | 0.57 | 0.54 | 047 | 0.44 | 041 | 0.53 | 0.71 | 0.40 | -0.27 | -0.75 | -0.66
80 -0.73 | -0.51 | 0.24 | 0.81 1.00 | 0.73 | 0.69 | 0.67 | 0.69 | 0.63 | 0.54 | 0.50 | 0.38 | -0.13 | 0.79 | 0.71 | 0.33 | -0.48 | -0.73
100 | 0.02 | -0.44 [ -0.29 | 0.23 | 0.73 | 1.00 | 0.64 [ 0.52 | 0.53 | 0.42 | 0.29 | -0.03 | -0.06 | -0.35 | -0.13 | 0.53 | 0.51 | 0.24 | 0.02
120 | -0.25 | -0.16 | 0.27 | 0.56 | 0.69 | 0.64 | 1.00 | 0.78 | 0.72 | 0.58 | 0.36 | 0.32 | 0.25 | -0.06 | 0.38 | 0.41 | 0.24 | -0.15 | -0.25
140 | -0.31 | -0.15 [ 0.31 | 0.59 | 0.67 | 0.52 | 0.78 | 1.00 | 0.84 | 0.65 | 0.44 | 039 | 032 | -0.03 | 0.50 [ 0.44 | 0.18 | -0.21 | -0.31
160 | -0.32 | -0.16 | 0.29 | 0.57 | 0.69 | 0.53 | 0.72 | 0.84 | 1.00 | 0.78 | 0.52 | 0.44 | 036 | 0.29 | 0.54 | 0.47 | 0.20 | -0.21 | -0.32
180 | -0.33 | -0.19 | 0.26 | 0.54 | 0.63 | 042 | 0.58 | 0.65 | 0.78 | 1.00 | 0.78 | 0.65 | 0.58 | 0.42 | 0.63 | 0.54 | 0.26 | -0.19 | -0.33
200 | -0.32 | -0.21 | 020 | 047 | 0.54 | 029 | 036 | 0.44 | 0.52 | 0.78 | 1.00 [ 0.84 | 0.72 | 0.53 | 0.69 | 0.57 | 0.29 | -0.16 | -0.32
220 | -0.31|-0.21 | 0.18 | 0.44 | 0.50 | -0.03 | 0.32 | 0.39 | 0.44 | 0.65 | 0.84 | 1.00 [ 0.78 | 0.52 | 0.67 | 0.59 | 0.31 | -0.15 | -0.31
240 | -0.25 | -0.15 | 0.24 | 041 | 0.38 | -0.06 | 0.25 | 0.32 | 0.36 | 0.58 | 0.72 | 0.78 | 1.00 | 0.64 | 0.69 | 0.56 | 0.27 | -0.16 | -0.25
260 | 0.02 | 0.24 | 0.51 | 0.53 | -0.13 | -0.35 | -0.06 | -0.03 | 0.29 | 0.42 | 0.53 | 0.52 | 0.64 | 1.00 | 0.73 | 0.23 | -0.29 | -0.44 | 0.02
280 | -0.73 | -048 | 033 | 0.71 | 0.79 | -0.13 | 0.38 | 0.50 | 0.54 | 0.63 | 0.69 [ 0.67 | 0.69 | 0.73 | 1.00 | 0.81 | 0.24 | -0.51 | -0.73
300 | -0.66 | -0.75 | -0.27 | 0.40 | 0.71 | 0.53 | 0.41 | 0.44 | 047 | 0.54 | 0.57 [ 0.59 | 0.56 | 0.23 | 0.81 1.00 | 0.73 | -0.14 | -0.66
320 | -0.14 | -0.67 | -0.68 | -0.27 | 0.33 | 0.51 | 0.24 | 0.18 | 0.20 | 0.26 | 0.29 | 0.31 | 0.27 | -0.29 | 0.24 | 0.73 | 1.00 | 0.66 | -0.14
340 | 0.71 | 0.08 | -0.67 | -0.75 | -0.48 | 0.24 | -0.15 | -0.21 | -0.21 | -0.19 | -0.16 | -0.15 | -0.16 | -0.44 | -0.51 | -0.14 | 0.66 | 1.00 | 0.71
360 1.00 | 0.71 | -0.14 | -0.66 | -0.73 | 0.02 | -0.25 | -0.31 | -0.32 | -0.33 | -0.32 | -0.31 | -0.25 | 0.02 | -0.73 | -0.66 | -0.14 | 0.71 1.00
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10.2

The beam response (Chapter 7)

Table A.8 Load data: mean and rms drag forces (SRO, effect of the rings on the load not

included)

z [m] U [m/s] qm [KN/m?] D [m] Az [m] Com Fu [kN] Cp.e F, [kN]
990 51.22 1.640 150 30 0.725 5346.37 0.120 884.04
950 50.86 1.616 150 40 0.799 7751.58 0.111 1078.48
910 50.48 1.593 150 30 0.769 5513.67 0.115 822.48
890 50.29 1.581 150 30 0.716 5091.11 0.113 806.49
850 49.89 1.556 150 70 0.606 9901.57 0.100 1635.98
750 48.83 1.490 150 100 0.501 11192.00 0.080 1791.60
650 47.64 1.419 150 100 0.486 10337.94 0.078 1661.10
550 46.30 1.340 150 65 0.486 6345.71 0.084 1094.48
520 45.85 1.314 150 225 0.492 2183.83 0.089 393.90
505 45.62 1.301 150 12.5 0.483 1177.26 0.090 219.80
495 45.46 1.292 150 12.5 0.482 1167.56 0.092 221.95
480 45.22 1.278 150 2255 0.504 2173.84 0.092 397.82
450 4473 1.250 150 65 0.508 6196.09 0.094 1142.33
350 42.83 1.147 158.94 100 0.554 10098.03 0.116 2115.57
250 40.43 1.021 183.15 100 0.604 11306.93 0.139 2592.24
150 38.34 0.919 217.59 100 0.698 13956.99 0.163 3251.36
50 33.26 0.691 258.20 100 0.816 14564.22 0.206 3668.03

Mp m(z=0) 6.45E+07 kNm
Mp +(z=0) 6.53E+06 kNm including lack of correlation
Mp peak(z=0) 8.74E+07 kNm

Table A.9 Load data: correlation matrix of drag forces (SRO, effect of the rings on the load
not included)

Z [m]

990

950

910

890

850

750

650

550

520

505

495

480

450

350

250

150

50

990

1.000

0.683

0.445

0.387

0.357

0.316

0.214

0.129

0.031

0.028

0.026

0.023

0.019

0.009

0.004

0.002

0.001

950

0.683

1.000

0.705

0.614

0.519

0.425

0.341

0.155

0.112

0.104

0.099

0.091

0.078

0.047

0.028

0.017

0.010

910

0.445

0.705

1.000

0.863

0.610

0.393

0.308

0.187

0.117

0.108

0.102

0.094

0.079

0.046

0.026

0.015

0.009

890

0.387

0.614

0.863

1.000

0.710

0.398

0.337

0.205

0.130

0.120

0.114

0.105

0.089

0.051

0.029

0.017

0.010

850

0.357

0.519

0.610

0.710

1.000

0477

0.365

0.247

0.160

0.148

0.140

0.129

0.109

0.063

0.036

0.021

0.012

750

0.316

0.425

0.393

0.398

0.477

1.000

0.583

0.407

0.329

0.306

0.291

0.271

0.234

0.144

0.089

0.055

0.034

650

0.214

0.341

0.308

0.337

0.365

0.583

1.000

0.610

0.497

0.458

0.433

0.399

0.343

0.202

0.119

0.070

0.041

550

0.129

0.155

0.187

0.205

0.247

0.407

0.610

1.000

0.845

0.775

0.735

0.685

0.613

0.347

0.204

0.120

0.071

520

0.031

0.112

0.117

0.130

0.160

0.329

0.497

0.845

1.000

0916

0.856

0.806

0.687

0.410

0.240

0.188

0.084

505

0.028

0.104

0.108

0.120

0.148

0.306

0.458

0.775

0916

1.000

0.945

0.847

0.722

0.444

0.260

0.201

0.091
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495

0.026

0.099

0.102 | 0.114

0.140 | 0.291 | 0.433

0.735 | 0.856

0.945

1.000

0.905

0.763 | 0.468

0.274 |1 0.210 | 0.096

480

0.023

0.091

0.094 | 0.105

0.129 | 0.271 | 0.399

0.685 | 0.806

0.847

0.905

1.000

0.839 | 0.506

0.297 | 0.225 | 0.103

450

0.019

0.078

0.079 | 0.089

0.109 | 0.234 | 0.343

0.613 | 0.687

0.722

0.763

0.839

1.000 | 0.606

0.348 | 0.326 | 0.121

350

0.009

0.047

0.046 | 0.051

0.063 | 0.144 | 0.202

0.347 1 0.410

0.444

0.468

0.506

0.606 | 1.000

0.590 | 0.431 | 0.205

250

0.004

0.028

0.026 | 0.029

0.036 | 0.089 | 0.119

0.204 | 0.240

0.260

0.274

0.297

0.348 | 0.590

1.000 | 0.637 | 0.348

150

0.002

0.017

0.015 | 0.017

0.021 | 0.055 | 0.070

0.120 | 0.188

0.201

0.210

0.225

0.326 | 0.431

0.637 | 1.000 | 0.590

50

0.001

0.010

0.009 | 0.010

0.012 | 0.034 | 0.041

0.071 | 0.084

0.091

0.096

0.103

0.121 | 0.205

0.348 | 0.590 | 1.000

Table A.10 Results — covariance method (SRO, effect of the rings on the load not included)

z [m] Mp, [KNm] Mp,, [kNm] M peak [KNm]
0 6.45E+07 6.53E+06 8.74E+07
50 5.83E+07 5.98E+06 7.93E+07
100 5.28E+07 5.47E+06 7.20E+07
150 4.74E+07 4.98E+06 6.48E+07
200 4.26E+07 4.52E+06 5.84E+07
250 3.78E+07 4.08E+06 5.21E+07
300 3.36E+07 3.67E+06 4.64E+07
350 2.93E+07 3.26E+06 4.07E+07
400 2.56E+07 2.88E+06 3.57E+07
450 2.19E+07 2.51E+06 3.07E+07
500 1.85E+07 2.16E+06 2.61E+07
550 1.54E+07 1.82E+06 2.18E+07
600 1.27E+07 1.51E+06 1.79E+07
650 9.90E+06 1.20E+06 1.41E+07
700 7.66E+06 9.40E+05 1.09E+07
750 5.42E+06 6.81E+05 7.80E+06
800 3.74E+06 4.71E+05 5.39E+06
850 2.06E+06 2.68E+05 3.00E+06
9200 9.24E+05 1.28E+05 1.37E+06
950 2.14E+05 3.54E+04 3.38E+05
1000 0.00E+00 0.00E+00 0.00E+00

Table A.11 Load data: mean drag forces (SR1, effect of ten rings on the load included)

z [m] U [m/s] Qm [KN/m2] D [m] Az [m] Com Fp,m [kN]
990 51.22 1.640 150 30 0.746 5503.44
950 50.86 1.616 150 40 0.689 6684.68
910 50.48 1.593 150 30 0.633 4533.52
890 50.29 1.581 150 30 0.599 4261.88
850 49.89 1.556 150 70 0.605 9882.94
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750 48.83 1.490 150 100 0.606 13548.72
650 47.64 1.419 150 100 0.606 12901.86
550 46.30 1.340 150 65 0.623 8140.94
520 45.85 1314 150 22.5 0.626 2775.63
505 45.62 1.301 150 12.5 0.616 1502.75
495 45.46 1.292 150 12.5 0.615 1490.81
480 45.22 1.278 150 22.5 0.637 2749.58
450 44.73 1.250 150 65 0.642 7822.83
350 42.83 1.147 158.9367 100 0.687 12530.31
250 40.43 1.021 183.1461 100 0.738 13803.53
150 38.34 0.919 217.5889 100 0.831 16625.38
50 33.26 0.691 258.2017 100 0.949 16946.00
Mp,(z=0) 7.01E+07 kNm

Table A.12 Load data: mean lift forces (SR1, effect of ten rings on the load included)

z [m] U [m/s] Qm [KN/m2] D [m] Az [m] Cim Fr m [KN]
950 50.86 1.616 150 100 0.250 6061.72
850 49.89 1.556 150 100 -0.250 -5834.30
750 48.83 1.490 150 100 0.250 5588.57
650 47.64 1.419 150 100 -0.250 -5320.27
550 46.30 1.340 150 100 0.250 5023.32
450 4473 1.250 150 100 -0.250 -4688.45
350 42.83 1.147 158.9367 100 0.250 4556.57
250 40.43 1.021 183.1461 100 -0.250 -4677.06
150 38.34 0.919 217.5889 100 0.250 4998.87
50 33.26 0.691 258.2017 100 -0.250 -4461.95

M m(z=0) 3.14E+06 kNm

10.3 The shell response (Chapter 7)

Table A.13 Shell response (effect of the rings on the load not included)

Response at stagnation - wind tunnel model applied to codified wind profile

Mean Rms Peak

z nll n22 mll m22 nll n22 mll m22 nll n22 mll m22

[m] KkN/m KN/m KNm/m | kKNm/m | kKN/m kKN/m | KNm/m | kKNm/m KkN/m KkN/m kKNm/m | kKNm/m

5 335.32 | 2741.12 4.53 25.22 41.06 | 342.59 0.74 4.00 479.03 3940.17 7.11 39.21

55 -30.04 | 2651.49 -1.34 1.15 21.94 | 311.21 1.40 0.42 -106.83 | 3740.71 -6.22 2.61

85 -32.06 | 2597.99 -4.64 -10.72 2494 | 291.88 1.06 2.02 -119.36 | 3619.56 -8.37 -17.80
95 | 22223 | 2578.27 -1.06 8.03 2692 | 28534 0.51 0.96 31645 | 3576.95 -2.85 11.40
105 | 233.55 | 2565.70 -0.39 14.53 28.21 | 280.28 0.33 241 33227 | 3546.68 -1.53 22.97
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115 | -1905 | 255211 | 595 | -1141 | 2531 | 27553 | 129 222 | -107.63 | 351645 | -1047 | -19.19
155 | -1453 | 250725 | 547 | -044 [ 2656 | 26137 | 1.89 040 | -107.50 | 342206 | -12.07 | -1.83
185 | -5293 | 2477.19 | -1124 | -19.16 | 31.85 | 25538 | 2.50 383 | -164.39 | 3371.02 | -1999 | -32.58
195 | 515.17 | 2464.02 | -6.58 546 | 7850 | 25357 | 144 097 | 78991 | 335150 | -11.64 | 836
205 | 54741 | 246425 | 398 | 2200 | 83.14 | 253.12 | 1.05 379 | 83840 | 335019 | -7.66 | 36.16
215 | 2004 | 246668 | -13.60 | 2208 | 2655 | 25282 | 2.80 422 | -112.96 | 335154 | 2339 | -36.86
255 | 1778 | 248023 | -1193 | 220 [ 2032 | 25518 | 237 0.54 88.90 | 3382.37 | 2021 | -4.08
285 | -11327 | 251073 | 2039 | 2992 | 3499 | 26008 | 324 451 | -23572 | 3421.00 | -31.72 | -45.71
295 | 104256 | 251281 | 1365 | 307 | 13442 | 26151 | 202 076 | 1513.03 | 342808 | 2073 | 575
305 | 110482 | 2511.19 | -8.14 | 36.11 | 14149 | 26176 | 133 473 | 1600.02 | 342733 | -12.78 | 5268
315 | -6021 | 249776 | -23.83 | -36.98 | 29.41 | 26020 | 3.46 527 | -163.16 | 340847 | 3594 | -55.41
3ss | 5031 | 243120 | -17.84 | 342 | 17.67 | 253.04 | 234 046 | 11215 | 331684 | -2603 | -5.05
385 | -198.04 | 236943 | 2428 | -31.75 | 3845 | 24809 | 292 376 | -33262 | 323775 | -34.50 | -44.89
395 | 144430 | 234228 | -17.14 | 228 [ 15259 | 24597 | 194 037 | 197836 | 3203.19 | 2394 | -356
405 | 151155 | 2273.12 | 837 | 4138 | 15890 | 240.11 | 1.02 440 | 2067.69 | 311348 | -11.95 | 56.80
415 | -148.16 | 217371 | 2547 | 4104 | 3357 | 23174 | 285 461 | 26565 | 298478 | -3545 | -57.16
455 | -76.78 | 175899 | -1540 | -2.81 [ 17.09 | 19791 | 157 027 | -136.58 | 245167 | 2089 | -3.77
485 | 39297 | 151614 | <1821 | 2241 [ 3529 | 17732 | 198 222 | 51649 | 213675 | -25.14 | -30.18
495 | 127773 | 145506 | -1391 | 696 | 12281 | 17126 | 135 075 | 170755 | 205456 | -1862 | -9.57
505 | 134446 | 135920 | 469 | 3675 | 12821 | 16270 | 0.62 335 | 1793.18 | 192864 | -6.85 | 4847
s15 | 33027 | 124870 | -18.68 | -32.04 [ 2086 | 15343 | 1.97 301 | -43477 | 178570 | 2556 | -42.56
sss | -10121 | 89446 | -1062 | -149 | 18.00 | 12297 | 1.06 011 | -16420 | 1324.87 | -1433 | -1.88
sgs | 41855 | 74247 | -1246 | -1442 | 4533 | 10704 | 121 142 | 57719 | 1117.09 | -1671 | -19.38
595 | 123534 | 71297 | -1092 | -1099 | 10946 | 102.66 | 0.98 093 | 161846 | 107227 | -1437 | -1426
605 | 130675 | 64371 | 226 | 3044 | 11515 | 97.02 | 028 267 | 170976 | 98329 | -324 | 39.80
615 | 35478 | 55716 | -13.92 | 2487 [ 4006 | 9146 | 133 227 | 49499 | 87726 | -1859 | -32.81
655 | -10339 | 30508 | 950 | -147 | 1760 | 7548 | 1.06 0.18 | -165.00 | 56926 | -1322 | -2.10
685 | 45316 | 23075 | -13.02 | -1539 | 47.03 | 6596 | 125 146 | 61776 | 461.60 | -1740 | -2051
695 | 1368.64 | 22678 | -11.85 | -1148 | 11931 | 62.18 | 1.05 094 | 178623 | 44440 | -1552 | -14.77
705 | 148798 | 17865 | 275 | 3424 [ 12029 | 5862 | 032 297 | 194051 | 38382 | 386 | 4462
715 | 39052 | 11166 | -1576 | -28.18 | 41.92 | 5665 | 150 252 | 53724 | 30994 | 2100 | -37.02
755 | -10566 | -73.10 | -1028 | -164 | 17.11 | 5093 | 1.17 021 | -16553 | 25136 | -1437 | -2.39
785 | 47522 | -106.82 | -1386 | -1622 | 4826 | 4081 | 135 153 | -644.14 | 24965 | -1857 | 2157
795 | 144415 | 9835 | -1273 | -1256 [ 12593 | 3583 | 1.3 106 | 188489 | 22377 | -1667 | -16.28
805 | 157151 | -131.60 | 295 | 3627 [ 13662 | 3426 | 033 317 | 204969 | 25152 | 411 | 4735
815 | 40862 | -18028 | -16.64 | 2985 | 4290 | 3592 | 157 266 | -55877 | -306.01 | -22.14 | -39.18
855 | -107.58 | 28530 | -1046 | -1.75 | 1686 | 37.65 | 1.19 021 | -166.61 | -417.06 | -1462 | -2.49
885 | 456.89 | 24749 | 1343 | -1534 | 4805 | 2852 | 134 150 | 62507 | -347.32 | -18.12 | -20.60
895 | 1371.62 | -213.67 | -1238 | -12.63 | 12525 | 2240 | 115 113 | 181001 | -292.06 | -1640 | -16.58
905 | 1496.61 | 21475 | 271 | 3516 | 13646 | 2147 | 031 322 | 197421 | 28991 | 379 | 4643
915 | -39032 | -227.98 | -1579 | 2856 | 4226 | 2471 | 154 267 | -53821 | 31448 | -21.18 | -37.90
955 | 9988 | 20547 | 970 | -1.83 [ 1665 | 2698 | 1.08 021 | -158.17 | -299.89 | -1347 | 257
985 | 24532 | 8510 | -1236 | -15.89 [ 3151 | 1233 | 127 159 | -355.60 | -12825 | -16.80 | -21.46
995 | 81633 | 2847 | 5061 1596 | 7839 | 429 0.58 157 | 109070 | -4348 | -7.63 | 2147
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Table A.14 Load modification induced by the rings: effect on the quasi-static response (peak

values):

SRO = load modification due to the rings not included;

SR1 = load modification due to 10 rings included

nll,peak at 0° n22,peak at 0° ml1,peak at 0° m22,peak at 0°

z SRO SR1 SRO SR1 SRO SR1 SRO SR1
[m] kN/m KkN/m KkN/m kN/m kKNm/m KNm/m kNm/m kNm/m

5 483 535 4042 4443 8 8 43 45
55 -137 -133 3802 4189 -8 -10 3 4
85 -138 -139 3666 4056 -10 -10 -20 -20
95 346 348 3619 4015 -4 -2 14 15
105 363 372 3584 3975 -3 0 25 25
115 -117 -101 3546 3924 -13 -10 21 21
155 -110 -101 3434 3766 -13 -6 2 0
185 -171 -156 3385 3712 -22 -16 -35 -30
195 845 778 3370 3700 -12 -10 12 9
205 893 833 3365 3685 -9 -6 39 37
215 -124 -104 3352 3651 -26 -22 -39 -36
255 104 111 3357 3595 -23 -20 -5 -3
285 -257 -253 3419 3620 -35 -33 -49 -47
295 1587 1581 3442 3626 =22 =22 8 3
305 1675 1683 3442 3610 -14 -13 55 57
315 -183 -169 3408 3564 -39 -38 -58 -59
355 125 135 3287 3390 -29 -28 -6 -6
385 -356 -384 3221 3274 -37 -39 -47 -49
395 2056 2161 3196 3228 -25 =27 -4 -3
405 2147 2272 3103 3119 -13 -13 59 64
415 -286 -297 2958 2964 -37 -40 -60 -64
455 -147 -150 2393 2358 -22 -24 -4 -5
485 -570 -596 2091 2028 -26 -28 -32 -33
495 1754 1865 2020 1946 -19 21 -9 -11
505 1842 1968 1896 1815 -7 -7 50 55
515 -484 -499 1747 1665 -26 -28 -44 -47
555 -169 -167 1295 1204 -15 -16 2 -3
585 -586 -608 1113 1003 -17 -18 -20 -20
595 1646 1718 1078 961 -15 -16 -14 -16
605 1739 1825 993 876 -3 -3 40 43
615 -502 -510 885 776 -19 -20 -33 -35
655 -165 -166 581 496 -13 -14 -2 2
685 -617 -634 483 401 -18 -18 21 21
695 1792 1839 475 390 -16 -16 -15 -16
705 1947 2007 415 338 -4 -4 45 47
715 -536 -542 331 268 -22 -22 -37 -38
755 -163 -164 -263 -321 -15 -15 -3 -3

313




Chapter 10. Appendix

785 -638 -650 -236 -284 -19 -19 -22 -22
795 1877 1912 -194 -239 -17 -17 -16 -17
805 2041 2085 -221 -261 -4 -4 47 49
815 -552 -558 -290 -322 -23 -23 -39 -40
855 -163 -166 -431 -436 -16 -16 -3 -3
885 -622 -639 -346 -344 -19 -19 -21 -21
895 1801 1846 -283 -280 -16 -17 -16 -17
905 1966 2014 -282 -279 -4 -4 46 48
915 -534 -550 -314 -313 -21 -22 -38 -39
955 -160 -170 -311 -316 -13 -13 -3 -3
985 -355 -393 -134 -137 -17 -17 -21 -22
995 1094 1099 -45 -47 -8 -8 21 22

Table A.15 Load modification induced by the rings: effect on the quasi-static response (mean
values):
SRO = load modification due to the rings not included;
SR1 = load modification due to 10 rings included

nll,m at 0° n22,m at 0° mll,m at 0° m22,m at 0°

z SRO SR1 SRO SR1 SRO SR1 SRO SR1
[m] KkN/m KkN/m KkN/m KkN/m KNm/m KNm/m KNm/m KNm/m

5 326 347 2695 2863 5 5 25 26
55 -34 -30 2603 2782 -1 -1 1 1
85 -34 -29 2551 2737 -5 -5 -11 -11
95 221 233 2533 2720 -1 -1 8 9
105 232 245 2520 2709 0 0 14 15
115 21 -15 2506 2696 -6 -6 -11 -12
155 -15 -9 2465 2658 -6 -6 -1 0
185 -52 -45 2451 2644 -11 -11 -19 -19
195 517 523 2446 2637 -6 -6 6 6
205 548 553 2447 2637 -4 -4 23 23
215 -20 -12 2445 2631 -14 -14 -22 -22
255 19 26 2462 2630 -13 -12 2 )
285 -106 -100 2505 2652 -20 -20 -29 -29
295 1019 1029 2519 2657 -13 -13 4 3
305 1078 1090 2519 2649 -8 -8 35 36
315 -55 -48 2499 2621 -23 -23 -36 -36
355 52 57 2419 2504 -18 -18 -4 -4
385 -189 -193 2367 2419 -24 -24 -31 -31
395 1408 1440 2347 2387 -17 -17 -2 -3
405 1472 1509 2278 2308 -8 -8 40 42
415 -141 -144 2173 2196 -25 -26 -40 -41
455 -76 -76 1752 1747 -15 -16 -3 -3
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485 -388 -392 1524 1497 -18 -18 -22 -22
495 1258 1289 1471 1435 -14 -14 -7 -8

505 1324 1361 1376 1334 -5 -5 36 38
515 -326 -326 1259 1215 -19 -19 -32 -33
555 -101 -97 897 837 -11 -11 -2 -2

585 -415 -415 758 680 -12 -13 -14 -14
595 1222 1231 735 651 -11 -11 -11 -12
605 1292 1306 667 580 -2 -2 30 31

615 -353 -349 574 489 -14 -14 -25 -25
655 -104 -101 312 232 -10 -10 -2 -2

685 -450 -447 250 169 -13 -13 -15 -15
695 1354 1346 254 173 -12 -12 -11 -12
705 1472 1468 204 128 -3 -3 34 35
715 -387 -382 127 58 -16 -16 -28 -28
755 -104 -103 -73 -114 -11 -11 -2 -2

785 -470 -466 -85 -112 -14 -14 -16 -16
795 1427 1413 -62 -87 -13 -13 -12 -13
805 1553 1541 -94 -113 -3 -3 36 36
815 -404 -397 -156 -166 -17 -17 -30 -29
855 -106 -104 -281 =272 -11 -11 2 -2

885 -455 -457 -234 -222 -14 -14 -15 -15
895 1365 1360 -193 -182 -12 -12 -12 -12
905 1490 1484 -197 -186 -3 -3 35 35
915 -389 -393 -220 2211 -16 -16 -28 -28
955 -102 -107 -211 -210 -9 -9 -2 -2

985 -247 =272 -88 -89 -12 -12 -16 -16
995 817 798 -30 -30 -6 -6 16 16

Table A.16 Load modification induced by the rings: effect on the quasi-static response (rms

values):

SRO = load modification due to the rings not included;

SR1 = load modification due to 10 rings included

nll,c at 0° n22,6 at 0° mll,c at 0° m22,0 at 0°

z SRO SR1 SRO SR1 SRO SR1 SRO SR1
[m] KkN/m KkN/m KN/m KkN/m KNm/m KNm/m KNm/m KNm/m

5 45 54 385 451 0.90 0.98 497 5.48
55 29 30 342 402 2.03 2.46 0.55 0.71
85 30 31 318 377 1.62 1.40 2.64 2.52
95 36 33 310 370 0.71 0.25 1.57 1.81
105 38 36 304 362 0.064 0.00 2.96 2.88
115 28 25 297 351 1.95 1.11 2.85 2.52
155 27 26 277 316 2.16 0.00 0.53 0.00
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185 34 32 267 305 3.00 1.24 4.47 3.15
195 94 73 264 304 1.70 1.12 1.53 0.76
205 99 80 262 299 1.28 0.64 4.53 4.01
215 30 26 259 291 3.45 231 4.96 391
255 24 24 256 275 3.06 2.10 0.77 0.22
285 43 44 261 271 4.10 3.70 5.55 522
295 162 158 264 277 251 2.55 1.21 0.00
305 171 169 264 275 1.67 1.50 5.81 6.13
315 37 34 260 269 4.36 4.16 6.44 6.41
355 21 22 248 253 3.11 2.87 0.71 0.58
385 48 55 244 244 3.71 4.10 4.66 5.14
395 185 206 243 241 242 2.84 0.57 0.00
405 193 218 236 232 1.28 1.44 5.38 6.34
415 41 44 224 220 3.56 4.14 5.65 6.46
455 20 21 183 175 2.00 2.44 0.36 0.44
485 52 58 162 152 223 2.63 2.69 3.06
495 142 165 157 146 1.60 1.93 0.69 0.96
505 148 174 149 137 0.63 0.72 4.00 4.79
515 45 49 139 129 221 2.58 3.65 4.26
555 19 20 114 105 1.32 1.55 0.22 0.26
585 49 55 101 92 1.39 1.60 1.57 1.75
595 121 139 98 89 1.10 1.31 0.99 1.31
605 128 148 93 85 0.31 0.34 293 3.50
615 43 46 89 82 1.46 1.72 2.49 2.90
655 17 19 71 76 1.11 1.33 0.19 0.24
685 48 53 67 66 1.31 1.53 1.52 1.70
695 125 141 63 62 1.10 1.28 1.00 1.23
705 136 154 60 60 0.34 0.36 3.10 3.58
715 42 46 58 60 1.60 1.76 2.64 2.98
755 17 17 54 59 1.27 1.31 0.24 0.23
785 48 53 43 49 1.41 1.52 1.56 1.70
795 129 143 38 44 1.16 1.30 1.07 1.27
805 139 155 36 42 0.35 0.37 3.22 3.62
815 42 46 38 44 1.64 1.80 2.71 3.02
855 16 17 43 47 1.27 1.35 0.24 0.25
885 48 52 32 35 1.38 1.51 1.50 1.66
895 125 139 26 28 1.16 1.28 1.16 1.25
905 136 152 25 27 0.31 0.34 321 3.55
915 41 45 27 29 1.53 1.70 2.65 2.94
955 17 18 28 30 1.09 1.14 0.22 0.22
985 31 35 13 14 1.28 1.41 1.60 1.77
995 79 86 5 5 0.58 0.63 1.59 1.77
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The number of decimals after the comma is just a matter of visualization. The values

are calculated with higher precision in order to avoid significant truncation errors.
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